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Chapter 1

INTRODUCTION

1.1. Aim and survey

Condensed thiophene systems have attracted a great deal of attention dur-
ing the last years. The synthesis by De Jong and Janssen of the dithienothio-
phenes made available a series of planar, aromatic heterocyclics. Only the

I
X R = -S

4 R = -50o

2 R = -S

5 R = -SO,

Figure 1.1. The symmetric dithienothiophene systems.

3 R = -s

6 R = -SCL

symmetric systems 1-3 are discussed in this study. The oxidation to the cor-
responding oxides and dioxides (4-6) occurs exclusively at the sulphur atom
of the central thiophene ring. In this thesis the carbon atoms of the systems
studied are numbered as in figures 1.1 and 1.2. This numbering, although it
differs from the official nomenclature, allows easy mutual comparison.

One of the older problems in the chemistry of aromatic sulphur compounds
is the question of the contribution of sulphur 3d orbitals to the conjugation.
There are strong indications that in calculations on systems containing thio-
phene sulphur atoms, the inclusion of sulphur 3d orbitals hardly influences

2 3the results ' . For sulphoxides and sulphones, however, sulphur 3d orbitals
must be taken into account in order to obtain good results, as was shown with
ab initio calculations of thiophene, thiophene-S-oxide and thiophene-S,S-di-
oxide . Noorduin showed with ab initio calculations that the occupation of the
sulphur 3d orbitals is mainly governed by the ligand field of the sulphur sub-
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stituents . De Jong investigated the conjugation through the S02 group in 4-6
with HUckel MO calculations6.

7 8The introduction of semiempirical methods like CNDO or INDO ' (Complete
or Intermediate Neglect of Differential Overlap) allowed another approach,
intermediate between HUckel and ab initio, to the calculation of the role of
sulphur 3d orbitals. In CNDO calculations all valence electrons are taken in-
to account and for second-row elements the 3d orbitals can be included. Inere-
fore* one of our primary objectives was to investigate with CNDO the role of
sulphur 3d orbitals in 1-6 and the corresponding sulphoxides by looking for a
correlation between experimentally obtained and calculated data. From experi-
ment direct information concerning the contribution of some orbitals to the
conjugation in a TT system is hard to obtain, but molecular orbital (HO) ener-
gies can be determined with photoelectron spectroscopy (PES). It turns out
that the effect of the inclusion of sulphur 3d orbitals in the CNDO calcula-
tions is in agreement with the results reported in the literature '.

The photoelectron (pe) spectra of the sulphoxides could not be obtained
due to disproportion of these molecules in the gas phase. In the calculations
of 1-3 no difference was found between the 3d orbital participation of the
central sulphur atom and the other sulphur atoms.

Another objective of the PES study was the explanation of the shifts
found for some bands in the ultraviolet spectra of 1-6. Upon oxidation of
3 + e a remarkable blue shift of the longest wavelength absorption band (LWAB)
was found, while the oxidation of l •> 4 and 2 ->• 5 showed a red shift of the
LWAB in the uv spectra. The PES study is further introduced in section i.3 and
the MO calculations in section 1.4.

1 13In organic chemistry the determination of H and C nuclear magnetic
resonance (NMR) data like chemical shifts and coupling constants has become a
standard tool in the elucidation of molecular structure. However, little at-
tention has been paid to the relaxation behaviour of a resonance line. In this
thesis we aimed at obtaining more information about the factors governing spin-
lattice relaxation and its effect on the signal intensity in a pulse NMR ex-
periment (see section 1.2). Me were especially interested in the so-called
chemical shift anisotropy contribution to the relaxation time, because little
is known about the relative importance of this mechanism. For this purpose the
quaternary carbon atoms in the systems 1-6 are very suitable. Not only two
different quaternary carbon atoms are present, but the rigid planar structure

allows easy determination of the CH distances in 1-6. This distance is impor-
13 1

tant because coupling between a C and a H nucleus gives rise to another



relaxation mechanism, competitive with the chemical shift anisotropy mecha-
nism. Furthermore, the fact that the systems 1-6 are symmetric reduces the
time, necessary for a measurement in the NMR spectrometer, by a factor of
four.

Closely related to this subject is the study of the magnitude of the ro-
tation energy barrier of a methyl group. In fact the C signal intensity of
a methyl group is related to the reorientational motion of that methyl group.
Therefore, the interaction between a methyl group and the carbon skeleton to
which the methyl group is attached will be further discussed in this thesis.
A more specified survey of the work presented in this thesis is given in the
sections 1.2 and 1.3.

1.2. C NMR spectroscopy

NMR spectroscopy underwent an enormous expansion during the last 30
years. For sensitivity reasons mainly H nuclei have been studied until 1970
but the introduction of minicomputers coupled to the NMR spectrometer al-
lowed the measurement of less abundant nuclei like C. Presently, some of
the advanced NMR spectrometers are even capable to detect each nucleus with
a nuclear magnetic moment (spin}, provided that the gyromagnetic ratio and
the natural abundance cf the nucleus in question are not too low. Some re-
views on C NMR spectroscopy are given in references 9, 10, 11 and 12. In
chapter 2 the C chemical shifts and C- H coupling constants in a number
of thiophene systems are discussed.

Due to the low natural abundance of carbon-13 (1.1%) signal accumulation
is often necessary to obtain a spectrum with e. satisfactory signal to noise
ratio. Prior to each scan a high power radiofrequency burst, a so-called
pulse is applied to the sample and from the response the NMR spectrum can be
obtained. In order to obtain response it is necessary that prior to the pulse
the populations of the two states of the nuclear spin ensemble differ. So
after each pulse a waiting time should be introduced to restore the equili-
brium population of the spin states. The time scale of this process is char-
acterized by the spin-lattice relaxation time T,. From T, data information

T 12

can be obtained about the motion of a molecule in solution . In chapter 3
the motion of 1-3 about the molecular axes is described in terms of two ro-
tation diffusion constants. Furthermore, the rotation energy barrier of amethyl group substituted to a rigid skeleton could be determined with T1



measurements.
In chapter 4 the chemical shift anisotropy (CSA) contribution to T. has

been determined from Tj measurements at different magnetic fields. However,
only in special cases the CSA value Ao can be obtained from magnetic field
dependent measurements. From solid state NMR spectroscopy direct determination
of Ac is possible but due to the low resolution of this technique only rela-
tively simple molecules can be studied. Therefore, only the solid state spec-
tra of thiophene (7), 2,5-dimethylthiophene (8), 2,5-dimethylthiophene-l,l-
dioxide (9) and 2,3,4,5-tetramethylthiophene (10) were recorded. Both methods

d
10

Figure 1.2

are compared and discussed together with the results of quantum mechanical
calculations13*14.

1.3. Photoelectron spectroscopy

An important innovation in the determination of the electronic structure
of molecules was the development of electron spectroscopy . In high vacuum
molecules are irradiated with monoenergetic photons and the energy of the
ejected electrons can be determined. In the low ionization energy area (<60 eV}
direct information is obtained on the energy of a MO. This technique is called
PES.

11

13 -S0o

12 R

14 R -so.
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I In chapter 6 the pe spectra of the 2,2'-dithienylsulphide ( n ) and 3,3'-

dithidnylsulphide (12) and the corresponding sulphones (13, 14) are discussed.
With these pe spectra the effect of ring opening upon the MO energies in go-
ing from 2 ->• 11, 1 (or 3) •* 12, 5 •+ 13 and 4 (or 6) •+ 14 could be studied.

1.4. MO calculations

fc.
For general problems in organic chemistry semiempirical methods are more

suitable than ab initio methods . Semiempirical methods require considerably
less computer time and memory and they are adequate for large systems. By an
appropriate choice of parameters for the original CNDO/2 and INDO methods at-
tempts have been made to obtain the same results as from the ab initio methods.
Recently, a parameter set was derived that gives an optimal correlation with
experimental data (CNDO/S17*18 and HINDO/316}. Of course the validity of semi-
empirical methods is increased if all experimental data can be interpreted
with the same parameter set and therefore we did not attempt to optimize the
agreement between experiment and calculations by varying the parameter set. In
fact we used only the CNDO/2 and CNDO/S methods, of which the former is more
appropriate for ground state properties (charge densities) and the latter for
excited state properties (electron transition energies} and NHR chemical
shifts. As the use of different methods in the calculation of ground or ex-
cited state properties cannot be justified we compared the results of both
CNDO methods with the experimental data obtained in this work.

1.5. References
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(1965).
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Chapter 2

13.
C NHR SPECTRA

.i. xntroduction

Although many carbon-13 chemical shift data have been reported since the
introduction of 1 3C FT NMR1'2 little attention has been paid to the 1 3C NMR
spectra of thiophene systems. The interpretation of these spectra is not
straightforward as is seen from the chemical shift data of thiophene (7),
thieno[2,3-b]thiopnene4 (is), thieno[3,2-b]thiophene4 (16) and benzo[b]thio-
phene (17).

-O
'«».

127J

15 16 17

Runsink has assigned the resonances in the C spectra of the six iso-
meric cyciopentadithiophenones and explained these shifts qualitatively in
terms of a conjugation and a strain effect. Especially the chemical shifts of
the quaternary carbon atoms turned out to be yery sensitive towards the mode
of anneilation of the other thiophene ring. The H chemical shifts in some
cyciopentadithiophenones have been discussed by Skramstad7 in terms of bond
fixation. The shifts of the hydrogen atoms of a thiophene ring could directly
be related to the strain in another ring system, anneliated to the thiophene
ring. An increase in strain favoured a reduction in ring current resulting in
a high field shift in the H spectra. However, ring current contributions to
carbon-13 chemical shifts in general are small so that Skramstad's explanation
will not be valid here.

Extension of the C measurements to a large number of polycyclic thio-
phene systems may give an answer to the question whether the chemical shifts
can be described in terms of a few simple phenomena like conjugation and
strain. In this chapter an analysis of the chemical shifts and coupling con-

7
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stants in 1-4 and 6-10 is made and the results are compared with values re-
ported in the literature and the results of quantum mechanical calculations.

2.2. 13c NMR spectra,- assignment

The C NMR spectra of 1-4 and 6-10 were recorded twice. First, under
13

proton decoupled conditions single C resonance lines are found in the spec-
trum. In table 2.1 the chemical shifts are given in ppm relative to tetra-
methyisilane (TMS). Secondly, decoupling only during the waiting time yields
proton coupled spectra with the nuclear Overhauser effect (NOE) still present.
From these spectra the direct and long-range C- H coupling constants were
obtained.

Due to the low solubility of 4 and 6 in acetone-dg these compounds had
to be recorded in dmso-dg. The solvent shifts of the resonance Tines in the
dmso-dg spectra with respect to the acetone-dfi spectra were measured for 2, 3
and 6. In each case upfield solvent shifts of -0.9 to -2.1 ppm were obtained
for the quaternary carbon atoms while the shifts of the tertiary carbons var-
ied between -0.8 and +0,8 ppm. These solvent shifts suggest that a solute-
solvent interaction takes place at the central ring in 2, 3 and 6 but the ex-
act nature of this interaction is beyond the scope of this study. The C- H
coupling constants are changed too by 0.4-2.6 Hz.

The assignment of the chemical shifts to the carbon atoms of the com-
pounds in table 2.1 are based on an observation made by Takahashi et ai. .

13These authors have shown for a series of substituted thiophenes that the C-
H one bond coupling constant is at least 15 Hz larger for the C~ atom than
for the C, atom, independent of the substituent. One bond coupling constants
of the C, and C4 atoms in the

13,C spectra of 1, 2 and 4 show this difference
very clearly. The agreement of the values of the chemical shifts of C3 and C 4

with those of 15 and 16 is a further support for this assignment.
The signals of the quaternary carbon atoms Cj and C2 can be assigned be-

cause they differ in intensity. In general the intensity decreases with in-
creasing distance between the carbon atom and hydrogen atoms due to partial
saturation and decreasing NOE. Both effects are related to the efficiency of
the dipole-dipole relaxation time, which is proportional to (rru) • For com-
pounds 1, 2 and 4 the assignment on this basis is straightforward.

However, these methods are not suitable for the assignment of the reso-
nance lines in the C NMR spectra of 3, « and 10. In the proton coupled spec-

8
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TABLE 2.1. 13C NMR spectra of 1-4, 6, 8-10

Mol.
no.

Molecule Sa At. 6(TMS,
ppm)

nO(Hz)b At. 6(TMS, nJ(Hz)b

ppm)

142#5 3 1 27- J 188.8, 7.0
4 221.7 173.4,4.8,0.7

W2-8 11.9, 4.6 3 132.4 193.4, 7.2
135#7 c 4 12o.o 178.7, 5.0

A 1 139.8 c
2 139.4 c

1 143.5 10.5, 2.3
2 136.9 c

D 1 145.1 10.0, 3.0
2 131.8 c

3 129.1 188.0, 7.5
4 119.8 170.9, 4.2

3 115.6 189.2,4.7,0.5
4 113.0 190.6, 4.7

3 119.6 193.5,4.7,0.5
4 125.9 195.5, 5.1

~CL-
A 1 137.8 c

2 125.7 163.5
3 15.3 128.0

10

A

A

1
2

1
2

140.1
124.0

128.1

133.3

c

175.0

c

c

9.0 130.8

3 12.9 126.0
4 13.2 127.9

Solvent used; A - acetone-d,, D - diMthylsulphoocide-d... These value* were
cobtained in a firat-order analysis. Second-order spectru*.



tra of 3 and 6 all signals have long-range coupling. In the cases that a so-
called W path is responsible for coupling, relative large long-range C- H
coupling constants are found. This has been shown for long-range H- H coupl-
ings in some thiophene systems •' (see fig. 2.1). For long-range C- H

5J = 0.75 Hz J - 1.55 Hz 5J = 0.7 Hz J = 0.76 Hz
3J 2 3 = 5.25 Hz

Figure 2.1. Long-range H- H coupling constants in thiophene systems.

coupling constants a W path is favoured in thiophene and in the cyclopenta-
dithiophenones . The H coupled C spectrum of 3 is given in fig. 2.2. For
C, and C« in 3 a three bond coupling of about 10 Hz and a two bond coupling
of about 5Hz is expected. For Cj no other Vpathway for long-range coupling is
available but there is one for C2 (compare J36 in.fig. 2.1). Therefore the
low field signal in the spectrum of 3 (see fig. 2.2) is assigned to C. and

13
the signal which is resolved into eight lines to C«. In the C spectrum of 6
the signal at 145.1 ppm is a doublet of doublets and the signal at 131.8 ppm
is resolved in eight lines, so here the assignment is made as in 3.

Regarding the tertiary carbon atoms in 3 and 6 only the C_ atoms are ex-
pected to have long-range coupling constants. The signal at 115.6 ppm in 3 and
at 119.6 ppm in 6 showed an additional coupling of 0.5 Hz and is therefore as-
signed to the C3 atom.

The assignment of C, vs. C« and C- vs. C^ in 10 is a difficult problem.
Grant et ai. showed that the effect of methyl substituents on the carbon-13
chemical shift in aromatic systems follow an additive relationship. As this
relationship is likely to hold for thiophene systems the assignment can be
made for C. and C in 10. The calculated differences in the chemical shifts
of the Cj and C2 atoms in thiophene and tetramethylthiophene are more con-
sistent with case I than with case II (see table 2.2). The assignment of C,
and C. cannot be made on the basis of chemical shifts and coupling constants
10



* 1 ^ ^

Figure 2.2. C spectra of 2 and 3

TABLE 2.2. Methyl substituent effects for thiophene systems

Shift3 Cj
Shift* C2

2

—i
(+12

{ -1

y—
.2)
.7)

+

+
+

\ 2

I
( -4
(+10

5
.Db -
.6)b - .

(+8.1)
(+8.9)

Found

I

(+5.9)
(+2.5)

exp.c

II

(+0.

(+7.

7)

7)

a Shifts relative to thiophene; a positive figure is a down-field shift.

Ref. 12. c in case I assignment cdrresponding to table 2.1; in case II the

assignment is reversed.
11



alone, but in chapter 3 relaxation time measurements have afforded the as-
signment as given in table 2.1.

2.3. Discussion

2.3.1. Chemical shift data

With the data presented in table 2.1 and the previous results obtained
by Runsink (see table 2.3) the C chemical shifts in a similar series of
compounds can be compared. Neglecting solvent shifts the C» atoms in 18 and
19 and the C4 atom in 20 show a down-field shift of 12.1-17.5 ppm, compared
to the corresponding sulphides 1-3. These carbon atoms can be considered as
the 3 atom in an a,$-unsaturated ketone and the down-field shift is explained

TABLE 2.3. 3C chemical shifts (ppm, relative to TMS) and one-bond coupling
constants (Hz) in the symmetric dithienophenones (18-20)

y

s i s

s

No.

18

19

20

« ,

142.2

136.6

148.0

148.8

151.5

140,7

6C

126

136

115

3

.8

.3

.2

sc

121

119

126

4

.4

.5

7

JC3H

188

186

189

JC4H

173

171

189

12



by the resonance effect, which decreases the electron density at the B at-
om . The difference in chemical shift of the C. atom in 20 and 3 is a further
support for the assignment of the C. atom in 3 as given in table 2.1. The
shift of C3 in 19 of 7 ppm is explained too as a conjugative down-field shift.

By comparison with thiophene Runsink explained the observed shifts of
the tertiary carbon atoms in 18-20. It was concluded that the chemical shifts
of C3 and C^ in 20 were influenced by a strain effect of about -11 ppm, while
only the C. atom had a conjugative effect of about +12 ppm. This conclusion is
in agreement with the observed chemical shifts of Co and C. in 3 since for
C^ obviously little conjugation is present with the central sulphur atom. An
analysis of the chemical shifts in termsof strain effects will be more relia-
ble if only the shifts of carbon atoms are considered in which no conjugative
effects are present. Comparison of the shifts of such atoms do not yield cor-
relations with possible steric effects. For example in the series 6,3,20 the
Cp shifts are 131.8, 136.9 and 140.7 ppm suggesting a continuous increase in
ring strain. Considering, however, the shifts of C, in the same series no such
relation is found. Likewise in the series 1,4,18 hardly any differences in the
chemical shifts are found. Therefore, the simple theory that the chemical
shift is dependent on conjugation and strain effects is not tenable.

Figure 2.3. Correlation calculated vs. experimental shifts for 3,6,20 (•)

and 1,448 (•!.

• ' . *

160
Calc.
Shift
<ppm)

A 130-

120-

110 120 130 MO
> Exp. Shift (ppm)

.-j
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The chemical shift in general is given as the contribution of a diamag-
netic and paramagnetic term. Both can be calculated with the CNDO/2 and CNDO/S
program. Especially in the corresponding sulphides and sulphones no difference
in strain effect is expected and therefore we looked for a correlation between
calculated and observed chemical shifts. No correlation at all is found with
the CNDO/2 program but with the CNDO/S program a correlation coefficient r =
0.914 is found for the series 3,6,20 and r = 0.849 in the series 1,4,18 (see
fig. 2.3). Furthermore, for both series no good correlation was found between
calculated charge densities and observed chemical shifts and therefore we have
to conclude that the observed shifts in these systems cannot be simply fix-
plained by an additive relationship of charge and strain effects. Apparently,
this study does not bring us any further in understanding the relationship be-
tween chemical shifts and structural properties.

2.3.2. Long-range coupling constants

The coupled spectra were obtained in a gated decoupling experiment. The
13peak intensities in the C patterns are influenced by different NOE factors

and relaxation times. Therefore, the signals of atoms within one molecule are
not directly comparable but individual signals can still be analysed. This was
done by simulation of the spectrum on a computer, necessary because the H
spectrum is not first order. For compounds 1-6 the H spectra of an AA'BB"
spin system are expected. This spin system was successfully applied in the
analysis of the H spectra of the isomeric thienothiophenes (see fig. 2.1).
The H- C satellite spectra of 1-3 showed evidence for long-range coupling
between the protons of the two thiophene rings but the resolution was too low
to resolve these coupling constants, which are smaller than 0.5 Hz. Spin simu-
lation suggests that the H spectra could well be treated as an AB spin system
and for 1 the results are: 6H. = 7.40 ppm, 6H, = 7.52 ppm and 3J3- = 5.25 Hz;
for 2 «H4 = 7.48 ppm, 6H_ = 7.66 ppm and

 3J,4 = 5.10 Hz; for 3 6H. = 7.00 ppm,

6H, = 7.47 ppm and J,. = 2.60 Hz. These values are used in the analysis of
13 13 1

the C spectra. In fig. 2.2 the C- H coupled spectra of 2 and 3 are given.
13

A full analysis of each C resonance should be based on an XAA'BB' spin sys-
tem. However, the magnitudes of the long-range H- H coupling constants are
unknown and some approximations have to be made. Therefore, the tertiary car-
bon atoms in 1-3 are simulated as XAB systems, although C. in 1 and C, in 3
have an additional coupling of 0.7 Hz and 0.5 Hz, respectively. Except for14



these couplings the difference in coupling constants obtained experimentally
(see table 2.1) and by spectrum simulation on a computer are equal or less
than 0.2 Hz. This difference is within the experimental error and smaller
than the influence of the solvent and therefore it is neglected. The simula-
tion as XAB spin system fails for the quaternary carbon atoms, even for Z,
in 1 and 3. They must be treated as XAA'BB' spin systems. Therefore, the
nJ values for the quaternary carbons in table 2.1 were not checked by com-
puter simulation.

In the next section one-bond coupling constants are calculated with the
CNDO programs.

2.4, Calculation of one-bond coupling constants

The coupling constant JAB between two nuclei A and B is the result of
three types of interaction, jj»P, J^ b' d i p and j g 1'14. jjjp and j^

b" d iP are
magnetic dipole-dipole and orbital-dipole interactions between the nuclear

FCspin and the electrons, while J.Q is the Fermi contact term. For the calcula-
13 1tion of coupling constants between C and H nuclei only the Fermi contact

term is important but if both nuclei A and B have electrons in 2p atomic
orbitals the other two terms have to be included • . The interaction energy
between nuclear spin and electrons can be readily described and the coupl-
ing constant

occ unocc
JCH

16
9 YC YH SC(O)sj-(o) 4

j

is then calculated with the aid of molecular orbital theory, h is Planck's
constant, e the Bohr magneton, YC and YH are the carbon and proton gyromag-
netic ratio and c-j. (c-jB) is the coefficient of the carbon-2s (hydrogen-Is)
atomic orbital in molecular orbital i . AE_. . is the tr ip let excitation ener-
gy for the transition of an electron from MO i to MO j . AEi j is either cal-
culated as

" e i ~ (2)

or approximated as AE. .
l b

10 eV in the Average Excitation Energy (AEE)
method. J^. is the Coulomb integral and e. are the energies of MO i, MO j,

15
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2 2 14
respectively. SQ(O) and s£(o) are standard values for the electron densi-

ties of the carbon-2s and hydrogen-Is orbital in a non-polar, neutral mole-

cule. However, normally the molecule is always more or less polarized and
2 2 18

therefore corrections are necessary for the term sc(o) sfj(o). Maciel et ai.
multiplied this term with a correction factor f ,

f = (1-°'3<!H>3(1:i§f21f (3)

qH = 1-QH; qc = 4-Qc> QH and Qc are the total charge density of the hydrogen

and carbon atom. Joelal9 derived the following expression for J~,

JCH
1480 x

*CC X *HH (4)

*HH

occ unocc

AB H L L lej e-

and itru are the self- and mutuai-polarizabilities, respectively. The

'A iB jA JB

calculations of Joel a were carried out with the INDO method, which in general
shows a good agreement between calculated and experimental coupling constants

Calc.:
(Hz)

I 170-

160-

150-

140-

130-

130 140 150 160 170 180 190
ExpiJ<H2) — »

Figure 2.4. Calculated (CNDO/2) vs. experimental coupling constants for 1-4,

6-10 and J.8-20.
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and is slightly superior to CNDO18'20. Calculations with the MINDO/3 method
are reported too . The coupling constants calculated with CNDO/2 and CNDO/S,
using eq.(2)or the AEE method, are compared with the experimentally obtained
coupling constants. Explicit calculation of AE. + . with eq.(2)gives no satis-
fying correlation coefficient r, neither with CNDO/2 nor with CNDO/S. However,
using the AEE method the following results were obtained over 24 points (see
too fig. 2.4):

JCH from eqs. (1) and (3): CNDO/2 r = 0.979 CNDO/S r = 0.936
JCH from eq. (4) : CNDO/2 r = 0.983 CNDO/S r = 0.971

CNDO/2 calculations give good results in agreement with the concept that one-
2

bond coupling constants depend primarily on the charge density of the carbon-
2s and hydrogen-Is orbital. The CNDO/2 calculations of l, 2, is and 19 give
for C3 a carbon-2s charge density of q(C2s) = 1.07 ± 0.01 and for C4 q(C2s) =
1.02 + 0.01. Therefore, the difference in Jru for the C and Co atom in

Ln a p
thiophene systems can be explained by the difference in C(2s) charge density.
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Chapter 3

CARBON-13 SPIN-LATTICE RELAXATION TIMES

The introduction of pulse Fourier transform (FT) NMR made it possible to
obtain relaxation data in a simple way. Knowledge of carbon-13 spin-lattice
relaxation times (T,) is important in setting up a FT experiment and further-
more information is obtained about local and overall molecular motions in li-
quid state systems.

3.1. Introduction

3.1.1. The origin of the relaxation process

Me will briefly discuss the relaxation parameters which determine the
1 2magnitude of T.. More extensive considerations are given elsewhere . The

description of T. is simplified by using a coordinate system which rotates
about the static magnetic field H at the resonance frequency, the so-called

3rotating frame of reference . In this frame the net magnetization MQ of a
number of nuclear spins is aligned along the z axis (see fig. 3.1a). M is
proportional to the difference in population of the two spin states which is
given by Boltzmann distribution law.

In a FT NMR experiment a second field I-L is applied along the x axis dur-
ing a short time t (fig. 3.1b). During this pulse M is rotated about the x
axis by an angle a (fig. 3.1c).

*\

Figure 3.1a 3.1b 3.1c 3.Id
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o = yHjt and for the so-called 90° pulse a pulse time t is taken such that
o is equal to 90° (fig. 3.Id).

Immediately after the pulse two processes occur. Interactions between the
magnetization M in the xy plane and the lattice restore the magnetization in
the z direction. This process is governed by a time constant, the spin-lattice
relaxation time T.. Spin-spin interactions cause the magnetization in the xy
plane to decrease and this process is governed by the spin-spin relaxation
time T2.

Several kinds of magnetic moments may be present in a molecule, for ex-
ample the magnetic moment of a *H nucleus. The motion of the molecules in so-
lution results in fluctuating magnetic fields which provide a pathway for re-
laxation. This is the reason that the efficiency of a relaxation process is
determined by the molecular motion of the system under consideration.

The reorientational motion of a molecule is described by the correlation
time T. T is the average time the molecule takes to reorient itself through
one radian. With this time T the transition probability W between the two
nuclear spin states can be calculated. W is directly used in the calculation
of the T .

3.1.2. Spin-lattice interactions

Various processes contribute to the spin-lattice relaxation time T,. The
relation between the individual relaxation mechanisms and the T, is:

1/T, + l/T^1* + + 1/Tj

DD

(1)

T is the dipole-dipole relaxation time and it arises from the interaction
between the magnetic moments of two nuclei. For C in organic molecules the

1 DO1interaction is mainly with H nuclei and DO is given as:

(2)

Y- and YH are the carbon and hydrogen gyromagnetic ratio's, It is Planck's

constant divided by 2* and rCH is the C-H distance. The summation runs over

all hydrogen atoms. Eq. (2) is valid only in the extreme narrowing l imit ,
2 2

u T « 1 where <•> is the resonance frequency. This condition is ful f i l led for
al l molecules discussed in this thesis because T < 10 s and « * 10 s" .
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Eq. (2) further requires that the molecular motion is characterized by one
correlation time r, otherwise T is replaced by an effective correlation time
x e f f.

DDA more rapid motion of the molecule shortens T and makes T, longer.
Changes in molecular motion can be achieved by changes in temperature or vis-
cosity. Therefore, the nature of the solvent and eventually intermolecular
associations in solution influence the T

SR

1"

is the spin rotation relaxation time. This mechanism is effective
for small molecules and freely rotating groups (CH,-). In a rotating molecule
or group the electron distribution gives rise to a molecular magnetic moment
generating a fluctuating magnetic field at the nucleus.

CSA is the chemical shift anisotropy relaxation time and is discussed
in chapter 4.

T.° represents the remaining contribution to T-. Quadrupolar relaxation
13

does not apply to C. Paramagnetic additives like Cr(acac), or Fe(acac),
give rise to very efficient electron nuclear relaxation . To eliminate this
contribution paramagnetic impurities like traces of oxygen must be removed
from the sample. The oxygen contribution to T. in an undegassed sample is
longer than 100 s and from eq. (1} we find that samples are to be degassedonly if T. > ca. 5 s 5,6

To discriminate between the various relaxation mechanisms use is made of
DDthe nuclear Overhauser effect (NOE) from which, with T., T« can be calcu-

lated. Magnetic field dependent measurements give information about Tj
(see chapter 4) and temperature dependent measurements give information about

1 2

3.1.3. The nuclear Overhauser effect

An elegant analysis of an AX spin system from which the NOE factor can be
deduced, has been given by Solomon . Two nuclei with spins I • £ (e.g. 1 3C and
*H} give rise to four spin states: ff", N+", N"+ and N**. The first sign of a
particular state denotes the proton spin and the second sign the carbon spin.
The transition probabilities H are defined as in figure 3.2. The change in

21



population of a spin state N in a certain time t, dN/dt, can be calculated in
terms of W.

N"

VN- '

Figure 3.2. Transition probabilities in an AX spin system.

The total 1 3C magnetization MZ{
13C} for a 13C-1H spin system is:

N"")} (3)

where K is a constant. From eq. (3) we find for the rate of change in carbon
magnetization

dM { C} io
— - =-p[M,{idC> - M.

dt z s
(4)

MS(
13C} and M ^ H } are the 13C and 2H equilibrium magnetizations in the z di-

rection if no other fields are present. Permuting 1 3C and *H indices gives an
analogous equation for dMI { H)/dt.

7 Z
p and a in eq. (4) are :

1

a = W2 - W Q (5)

W2 and WQ can be calculated
 8>9 giving a = J (Tj 0 0)" 1. The NOE is the result

of saturation of a nucleus which interacts with the observed nucleus. Irradia-
tion of the 2H nucleus in the 13C-1H spin system changes the population N of
22



the spin states (see fig. 3.2) and increases Mz{ C) as net result. The NOE
factor n is defined as:

- HS(
13C}

(6)

When the protons are saturated M { H} = 0 in eq. (4) and after reaching a
13steady state dMz(
13C}/dt = 0 or

0 = - p[M2{
13C) - Ms{

13C}]

I"
or with eq. (6)

Substituting p and a in eq. (7) and with Y U = 2.6753 x 10 and yr = 0.
8 - 1 - 1 DD

10 rad sec T the relation between T,, T, and n is

6725 x

DD (8)

3.2. Pulse series used in the determination of T.

Under proton decoupled conditions
13

0. Substituting M${
1H}

integration

M_ {13C} = (1 + nl HC{
13C}[1 - A e"pt] (9)

The constant A depends on the initial conditions: if M { 3 C L x Q = 0 then
A * 1 and if M2{

13C>t , 0 • - (1 + n) MS{
13C} then A = 2. From eq. (9) we see

that the build up of magnetization in the z direction is governed by a single
time constant p, p » 1/Tj.

The most widely applied pulse technique is the inversion recovery method
combined with Fourier transform, IRFT (see fig. 3.3). After the pulse
delay time PD (PD > 5 T,) the magnetization has reached the maximum value M ,
Mo - (1 + n) M SI

1 3C}. A 180° pulse inverts Mo to the negative z axis and then

23

From eqs. (2) and {8} we see that the NOE is a result of dipole-dipole coupl-
ing and therefore it depends on the distance between the dipoles (nuclei).
This relation is the basis of many applications in 1 3C NMR10"12.
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Figure 3 .3 . The IRFT method.

T«T.
M T>>T1

-4— PD - 180° - T - 90° -

a variable delay time T is introduced. After this time a 90 pulse is applied

which flips the magnetization in the xy plane, which induces a voltage in the

receiver coil. The resulting signal, called a free induction decay (FID) is

recorded during the acquisition time AT, digitized and accumulated N times in

a computer until a sufficient signal to noise ratio is obtained. If T « T,

a negative signal and if T » T- a positive signal is obtained after Fourier

transformation. For IRFT A = 2 in eq. (9} and an example of the IRFT method

is given in fig. 3.8. The T. is obtained from a plot of ln(M-H2 ) vs T.
T

The saturation recovery method (SRFT) , shown in fig. 3.4 has the ad-

vantage over IRFT that it is not necessary to include a pulse delay time PD.

Although the sensitivity is less than that of the IRFT method it gives some

time savings for long T,'s.

— I - 90° - HS - T - 90° - AT — HS -L-

Figure 3.4. The SRFT method.
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HS is a homogeneity spoiling pulse and dephases the spins in the xy
plane, leaving zero magnetization. For SRFT A = 1 in eq. (9) and an example
of SRFT is given in fig. 3.5.

UOQ

600

300

270

220

140

90

10

1 2

Figure 3.5. The SRFT method for the quaternary carbon atons in 3.

, "SS

•-•<

Recently, a fast method for T, measurements has been introduced, called
17 ft

single scan Fourier transform (SSFT) . After the 180 pulse several equi-
distanced pulses with the same flip angle a are given and the corresponding
FID's are stored on disk. In SSFT an apparent T^ (T *) is measured:

W T In cosa /in.

T is here the pulse repetition time and the pulse sequence Is:
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m



180° - HS - DT - AT - HS - D,

OT is a delay time of 0.2 s, NS is the number of times a pulse a is given

during the recovery from the 180° pulse. After recovery not M but a steady

state magnetization is reached, which magnitude depends on a, T and T. .

Furthermore, after each pulse a the magnetization in the xy plane is reduced

by a factor sina compared to a 90° pulse. Therefore, more scans N are needed

than in an IRFT experiment but for compounds 1-3 still a time saving factor

of at least two is found (see table 3.1).

TABLE 3.1. T. measurements with IRFT and SSFT.

Compound3

CfcD

At. no.

1

2

1

2

2

IRFT

T2(s)

93

98

110

90

104

85

At. no.

1

2

1

2

1

2

1

2

Tc(s)
b

209

209

139

139

209

209

104

104

SSFT

V(s)c

71

72

56

63

87

69

53

44

Tj(s)

108

110

94

115

149

103

108

76

Solvent is acetone-d
o 30u 1/Tj* - 1/T + 1/T .

The Tj values obtained by SSFT differ 0-40* from IRFT mainly because there is
an experimental error in Tc by a possible incorrect flip angle «. Therefore,
T c should be as large as possible and the relative large errors in the Tj's of
compounds i and 2 are caused by too small Tc's. For each Tj measurement the
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flip angle a, Dj and NS should be carefully set. The IRFT and SRFT methods
give somewhat more accurate results and therefore these methods have been
used in this work.

3.3. The effect of H decoupling on the c T,

eq.

The NOE factor n is determined from the values of Mz{
13C} and MsC

13C} in
(6). These are measured in a pulse experiment as shown in fig. 3.6. FID1

(Ms) the de-(M ) is recorded under proton decoupled conditions and for FID2
1Q

coupler is switched on only during data acquisition . FID1 and FID2 can be
recorded separately (I) or better altematingly (II) in which case these two
FID's are stored either on disk or in different parts of the computer memory

19

I ON •
DECOUPLER

OFF

RECEIVER
ON

OFF
PD1- -PD2-

II ON
DECOUPLER

OFF

RECEIVER

-i
ON

OFF-

FID2 FID1

- P D 1 -

1FID2

-PD2- -PD1-

4-fim + FID2-L
L JN

Figure 3.6. NOE measurements with pulse NHR.

Method II has the advantage that changes in homogeneity of the magnet equally
affect both FID1 and FID2. Both methods are used in this thesis and an example
of a NOE measurement is given in fig. 3.7.
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Figure 3.7. NOE measurement for 1. The upper spectrum is obtained under

coupled conditions.

In the dynamic Overhauser enhancement technique the decoupler is turned on a
20variable delay time T before the start of the data acquisition and n and T,

are obtained from a non-linear least square fit of M , ( T ) VS. T. Under coupled
conditions the C relaxation is no longer exponential as is seen from eq. (4)
because it depends on the magnetization of the H nucleus. If Tj( H) «Ti( C)
a delay time PD2 of (9-10) x T1(

13C) is necessary19'21 *nd PD1 > 5 x Tj(13C).
In order to obtain more information about this the T1('

JC) values for thio-
phene and benzene were determined under proton decoupled and coupled condi-
tions. In the latter case decoupling was performed only during the acquisi-
tion time. The spectra are given in fig. 3.8 for thiophene, while for benzene
similar results were obtained. After a delay time of 15 s a positive signal is
obtained in the coupled case, while in the decoupled case it is still nega-
tive. The Tj's are quite different and a logarithmic plot of (MQ - Hz) vs. T
yields a straight line with T, = 31 s for 13C{1H} and a curved line with
T j a p p = 19 s under coupled conditions. Although the acquisition time was 4 s
a build up of NOE during this time is not likely to influence the results be-

22cause the waiting time PD > 10 x Tj. Calculations made for benzene , treated
as an AX spin system suggest the opposite: under coupled conditions a longer
T^PP is predicted than the Tj obtained under decoupled conditions.

The difference with our results might arise from the neglect of inter-
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Figure 3.8. IKFT measurement of thiophene. The T series at the left was ob-

tained while the H nuclei were saturated continuously while in

the other spectrum saturation took place only during data acqui-

sition.

molecular H- H dipole-dipole relaxation in the calculations. This contribu-
1 9"K

tion to the T,( HJ has been found for thiophene and it depends on the con-
19

centration . Although the results for thiophene and benzene are obtained with
4 M solutions we conclude that the NOE measurements for compounds l-c, with a

concentration > 1.5 M, can be performed with PD1 = PD2 = 5 x T,( 1 3C). As for

the quaternary carbon atoms Tj( °C) » T.( H) this will certainly be suffi-

cient to reach a steady statei9»2l.
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3.4. Motional analysis of T data

From T data direct information is obtained concerning molecular motion.
The main problem in the analysis is to describe the motion of the molecule in
the liquid. Molecules with no internal rotations are easily described. Spher-

es
ical molecules like adamantane are tumbling isotropically . This motion is
described by a single correlation time T or rotational diffusion constant D,
T = 1/6D.

In general, rigid molecules like norbornane can tumble about three mole-
cular axes and this is described with three correlation times " . A special
case is a molecule which can be approached as a symmetric ellipsoid with a ro-
tation diffusion constant D = D,. normally along the symmetry axis and Dy =
Dz = Dl about the two axes PerPendicular t0 tne symmetry axis. Woessner24'25

found for this case

1/T. DD
i (r. )6CHM 60. 5D, 4D// 2D1

(11)

(3 COS 2A - I ) 2 ; B = j sin2
 2A; C = I sin4A

A is the angle between the CH vector and the axis along which D.. is defined.
For molecules with internal motions the equations become complex.

Two models are used to describe the reorientational motion of a CH,
2Rgroup : the random jump and stochastic diffusion model. In the former random

jumps between the three minimum energy positions of the methyl group are as-
sumed while the latter assumes a Gaussian probability distribution for the
methyl group reorientation rate K. For rotation energy barriers below 6 kcal/

27mole usually the stochastic diffusion model is used. For an isotropic tumbl-
ing molecule T,,,, , , •> is then as

25:

3YC2YH2H2 , A

I 6DrCH 6D + K 6D + 4K
(12)

A, B and C are given in eq. (11) and A is now the angle between the CH vector
and the methyl group reorientation axis, normally A = 109.5°. For anisotropic
tumbling molecules eq. (12) becomes more complex . In the same way as for a
methyl group the reorientational motion of a phenyl group can be described in

2ftan anisotropic tumbling molecule like diphenyldisulphide (Ph-Sp) . If multiple
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internal degrees of freedom are present as in long aliphatic carbon chains or
polymers the molecular motion is no longer described with discrete correla-

29 30tion times but with a distribution of correlation times ' .
13In many area's of physical organic chemistry C 1\ data have been

analysed in terms of molecular motion and some examples are given below.
The difference in molecular motions present in CgHg-(CH2)g-C0OH as monomer
and as micelle in Do0 at different pD values was studied with T, measure-

31ments . A study on solvation and segmental motion of n-aikylammonium ions
32in D,0 and some organic solvents was made by Levy . The anisotropic motion

of a phenyl group is studied in mono-substituted benzenes and in p-amino-
biphenyls using the difference in T. values between the para carbon and
the ortho- and meta-carbons. Several kinds of association in solution have
been studied. The existence of an intramolecular hydrogen bonding network in
N-acetyl-neuraminic acid was found . Concentration dependent T, measurements
showed the formation of electron donor complexes between 2-methylindole and
1,3,5-trinitrobenzene in 1,2-ditiiloroethane . The complexation of a Cs ion
and 18-crown-6 occurs in a 1:2 ratio . Furthermore, T., studies have been
used in the direct analysis of the motion of spherical or {a)symmetric top
molecules8'37'38.

In section 3.5 the analysis of the motion of 1-4 and 6 is made and in
sections 3.6 and 3.7 the reorientational rate of some CH, groups is deter-
mined.

3.5, T measurements of the CH carbon atoms in 1-4 and 6

The results of the T, and NOE measurements at H = 2.35 T and H = 8.46 TJ o o
are given in table 3.2. The difference in T^ values for compounds 2 and 3 in
acetone-dg and dmso-dg is explained with eq. (2}. The greater viscosity of
dmso-dg makes T longer and shortens Tj. For rapidly reorienting molecules no
field dependency for short T̂ 's is expected and this is indeed found for com-
pounds 1-3 measured in acetone-d,. However, in dmso-dg the T. of the CH carbon
atoms tends to be longer at higher field. Field dependent T, measurements on
a pure liquid state sample of 1,2-decanediol did show the same trend, but

29
much more pronounced . This was explained by taking into account that inter-
molecular associations are important and therefore a distribution of correla-
tion times has to be used to describe the molecular motions. Although for
compounds 2-4 and 6 intermolecular associations with dmso-dg may be present
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TABLE 3.2. T, and n values for a-4 and 6 at H = 2.35 T and H = 8.46 T.
o o

Compound

3

3

s^%—f*^s
\—J \ /

3

3

S ^ S — ^ S

<swsv
3

v̂ —f̂ s

At. no.

3

4

3

4

3
4

3

4

3

4

3

4

3

4

Sa

A

A

A

D

D

D

D

Ta

6

4

6

4

6

6

1

1

1.

1

1,

0.

1,
1.

Ho =

(s)*

.3

.9

.4

.9

.6

.0

.69

.24

62

51

05

90

01

00

2.35

1

1

1

1

1

1

1

1

1

1

1

1

1.

1,

T

nc

.90

.90

.90

.90

.90

.90

.85

.85

.85

.85

85

85

85

85

Tx

5

4

6

4

6

6

1

1

2

1

1

1

1.

1.

.6

.4

.3

.8

.8

.2

.76

.40

.00

.75

15

05

03

09

8.46 T

n

1.80

1.80

1.80

1.80

1.90

1.90

1.90

1.90

1.90

1.90

1.90

1.90

1.90

1.90

a Solvent; A « acetone-d,, D » dinethylsulphcxide-d,. Accuracy T,
o o 1

c NOE values are round off at 0.05, accuracy i s + 0.10.

± 10%.
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the difference in Tj values at both fields is not large and therefore the
effect of associations is neglected in the following. The moment of inertia
tensor is an indication for the rotational motions of the molecule. The mo-
ments of inertia about the x-, y- and z-axis of compounds 1-3 are given in
fig. 3.9.

y - 2.1 ; 2 - 3.0 y - 3.2 ; z - 4.1 y - 3.6 ; z - 4.6

Figure 3.9. Relative moments of inertia for 1-3; x axis normalized to one.

As only two CH vectors are present only two diffusion constants can be deter-
mined and therefore we have to treat 1-3 as symmetric top molecules. The mo-
tion of 1-3 is approximated by a constant D.. about the x axis and D. about

_eff 7/they-and z-axis. t c " is defined by the value between brackets in eq. (11)
and combination of eqs. (8) and (11) allows the calculation of D,, and D±

and the results are given in table 3.3.
Using the symmetric top model a slight anisotropy in molecular motion is

found for the systems 1-3 with a fairly constant ratio 0 . , / ^ of about 2. For
4 and 6 nearly the same effective correlation times are found, T(C3) =
3.73 x 10"n s and T(C4) - 4.23 x 10"11 s for compound 4 and for 6 we find
T(C3) - 4.02 x 10"11 s and T(C4) = 3.93 x 10"11 s. As no fast internal mo-
tions are likely to occur this means that 4 and 6 can be considered as iso-
tropic tumbling molecules.
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TABLE 3.3. Rotation diffusion constants D± and 0., in 1-3.

Compound

3

3

3

3

NR At. n o .

1 3
4

' 2 3
4

3 3
4

4 2 3
4

3 3
4

Sa

A

A

A

D

D

6.'.
',.0

6.8
5.2

7.0
6.4

1.83
1.40

1.92
1.72

T e f f(10"n s)

0.68
0.87

0.64
0.83

0.62
0.68

2.38
3.11

2.29
2.53

A(°)

303.8
11.6

100.0
33.1

99.7
304.8

100.0
33.1

99.7
304.8

Dx(10n s"1)

0.188

0.173

0.184

0.046

0.047

n -1
D..(101A s i)

0.373

0.389

0.390

0.106

0.111

a Solvent; A • acetone^d,, D • diaiethyisulphoxide-d^. Average value of T,DD at H - 2.35 T and H * 8.46 T.
v 6 l O O



3.6. Methyl rotation energy barriers in bridged bicyclobutanes

3.6.1. Introduction

39A new series of compounds have been investigated in this laboratory
40during the last few years. The synthesis of 1,2,5,6-tetramethyl-3,4-di-

methylene tricyc1o[3.1.0.0 ' jhexane (21) from hexamethyldewarbenzene led
to the corresponding enone (22) and dione (23).

22

I These rigid systems with several methyl groups are good objects to study the
42nature of the rotation barriers. An X-ray analysis of 23 did show that the

skeleton CC bonds are twisted about the two-fold axis in 23. The value of the
angle between the methyl group reorientation axis and the CC bonds of the
skeleton varied between 122-135°. The energy barrier for rotation of a methyl
group in ethane is about 3 kcal/mole . Ab initio calculations have shown that
the greater part of this barrier is caused by a different repulsion between
the electrons in the CH bonds in the eclipsed and staggered form of ethane

.45

.44

InIn other molecules the origin of the rotation energy barrier is complex
order to obtain more insight into the nature of the barrier the rotation ener-
gy barriers of the methyl groups in 21-23 were determined with C Tj measure-
ments. Besides interactions of a methyl group with the skeleton several methyl-
methyl interactions can be distinguished in 21-23. In camphor barriers of
about 3 kcal/mole have been found for al l methyl groups . These barriers are
mainly caused by interaction with the carbon skeleton and therefore in 21-23
barriers lower than 3 kcal/mole are expected.

From the moment of inertia tensor a ratio I y : I y
: I

z of 1:1:1.3 is found
and therefore molecules 21-23 wil l be treated as isotropically tumbling mole-
cules (see f ig . 3.10). As the rotation energy barrier expected is certainly
below the 6 kcal/mole l imit for the application of eq. (12) the reorientationai
rate K of the methyl groups can be obtained from this equation. Stothers has
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Figure 3.10. Definition of I I and I for 23.
y z

shown27 that the barrier V is sensitive to the tetrahedral angle but in 22 no

deviation of a tetrahedral structure of the CH3 group is found and there-

fore for all methyl groups in 21-23 A = 109.5° was taken. K is related to the

rotation energy barrier V of the CH, group by

a-V/RT (13)

K is the rate of reorientation of a free methyl group in the gas phase:
K = 8.8 x 10 s at 40°C. T, and NOE measurements of the skeleton carbon
0 1

atoms give the value of D from eq. (2). From the Tj and NOE measurements on
the methyl group and this D value the rate K is calculated from eq. (12) and
then V is found from eq. (13).

Grant et ai. have defined a factor c (where a D + K) to indicate in
which range motional information can be obtained from T, data. They found
that this is the case when 1 < o < 20. In this study the o values varied be-
tween 4-18. So they satisfy this criterium.

3.6.2. Results

The C chemical shifts of 21, 22 and 23 are given in table 3.4. The as-
signment can be made by mutual comparison because only small changes in chem-
ical shifts of the corresponding carbon atoms are observed. The down-field
shift of about 9 ppm for C(ll) in 22 with respect to 21 is characteristic for
the 3 atom in an 0,fl-unsaturated ketone

49. In 22 the skeleton bonds are not
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47twisted about the pseudo C« axis .
In table 3.5 the T. and NOE values are given of all the methyl and me-

thyl ene carbons in 21-23 and the skeleton carbons (2) and (6) in compound 23.
In the calculation of D a rru distance of 1.086 8 was used for the methylene
group in 21 and 22. For 23 D was calculated from the average of the T " val-

ues of the skeleton carbons C(2) and C(6), using r-.
D, K and V are given in table 3.6.

TABLE 3.4. 1 3C chemical shifts* of 21-23.

2.14 8. The values for

\no.
Compound""^

21

22

23

1 (

29
30
29

12;

s

.0

.9

.5

^
it'

6)

t

T

2 1

2

45.
51.
52.

10

t

0
3
3

7

3

155.
205.
203.

9
8
9

4

155.
151.
203.

i

9
0
9

c

5

45.
42.
52.

0
4
3

10

i

22

\
\

7 («

3.
3.
3.

10)

1
0
3

7
4
4

8

.3

.5

.6

"5
0 ^

7
7
4

\
* * <

-

2 3

9

.3

.3

.6

10

It

r

n

96.
105.

Ll
\

5
7

All spectra recorded in acetone-d . Chemical shifts are given in ppm re-
lative to TMS. The central CD. peak of acetone-d, is used as reference.
750.3 Hz from TMS.

TABLE 3 . 5 . 13C Tj ( s ) and NOE valuesafor 21-23.

\€arbon

CompoumN

21

22

23

7

Tl

8.8
7.8
8.1

10)

(NOE)

(1
(1

(1.

65)
70)
70)

T

6
11
11

1

.9

.2

.1

8

(NOE)

(1
(1
(1

80)
50)
46)

T

6
6

11

1

.9

.6

.1

9

(NOE)

(1
(1
(1

.80)

.85)
46)

Skeletot

Tl

C(ll): 5.5
C{11): 4.8
C(2) : 178
C(6) : 146

1

(NOE)

(2)
(1.90)
(1.45)
(1.50)

Accuracy in T. values ± 10%; HOE values ± 0.10.
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TABLE 3.6. Rotation diffusion constants D, reorientation rates K and rotation
energy barriers V for the methyl groups in 21-23.

Compound

21

22

23

D

4.0
3.7
4.1

K(7)

27.1
21.2
20.5

K(8)

62.5
55.4

K(9)

12.4
11.8

V(7)

2.1
2.3
2.3

V(8)

1.6
1.6

V(9)

2.6
2.6

The D and K values are given x 10 s ; V in kcal/mole.

3.6.3. Discussion

The rotation energy barrier is defined as the difference in energy of two

extreme states, one with maximum and one with minimum interactions between the

methyl group and the remaining part of the molecule. From the values of V

(table 3.6) we see that besides the interaction of the methyl group with the

skeleton other interactions will be important. Where methyl-methyl interac-

tions are present and no rotameric conformer has significantly lower energy

a very low rotation energy barrier is found. For example the 2-methyl in

1,2,3-trimethylbenzene has a rotation barrier below 0.4 kcal/mole while for

the J- and 3-methyl V is at least 1.5 kcal/mole. From the X-ray analyses42'47

CC bond lengths of about 1.50 fi are found in 21-23, while the angle of the

skeleton CC bond with the CCH, axis exceeds 120°. With these geometrical data

and the fact that three methyl groups can interact with Me{7) in 21-23 a low

rotation energy barrier for Me[7) may be expected. He ever, a barrier of 2 . 1 -

2.3 kcal/mole is found and this indicates that the interaction of the methyl

group with the skeleton accounts for the gross part of the barrier of Me(7).

In the eclipsed conformation of Me{8) with the skeleton a CH bond of the me-

thyl group is in the same plane as the CO- or CCĤ -bond in 22, 23 and 21 ,

respectively. Then an attractive Interaction between the CH, CH bond and the

CO bond in 22 and 23 lowers the barrier while a repulsive interaction be-

tween the CH, CH bond and the C*CH2 CH bond raises the barrier (see f ig .

3.11). In this explanation we have assumed that the basic interactions of a

methyl group with the skeleton in 21-23 correspond with an energy difference

of 2.1-2.3 kcal/mole and that the energy of the staggered state does not vary

much for Me(7), (8} and (9). From X-ray data both assumptions seem to be
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Eclipsed

Staggered

Energy

1.6 kcal 2.1-2.3 kcal 2.6 kcal

methyl (8)
(next to CO)

methyl (7) methyl (9)
(next to CCH2)

Figure 3.11. Energy changes of the eclipsed conformer upon changing the

adjacent group.

reasonable. The smaller value of V in 21-23 compared to camphor then arises
from the fact that the skeleton CC bonds in 21-23 are bent away from the
methyl tetraeder more than in camphor.

For a further study on this subject a molecule like 1-methyladamantane
will be a good starting point, because here a rotation energy barrier of at
least 3 kcal/mole is expected if the interactions between the methyl group
and the skeleton determine the height of the barrier.

3.7. Methyl rotation energy barriers in methyl substituted thiophenes

The determination of methyl rotation energy barriers from eq. (12) is
possible only for isotropically tumbling molecules. For anisotropicaily tumbl-
ing molecules a more complex equation is needed. To circumvent this problem
Zens and Ellis have shown that independent of the kind of molecular tumbling

CD

a linear relation exists between the spin rotation relaxation time (T. ) and
the rotation energy barrier V:

SR 25.61 (1 + 0.382 V)

SR

(at 38°C) (14)

Using eq. (1) the T, values of the methyl groups in 21, 22 and 23 are plot-
ted against the calculated V values in fig. 3.12. Points below a rotation
barrier of about 2.5 kcal/mole are on a straight line but above 2.5 kcal/mole
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80-1

Vo (Kcal/mol)

SRFigure 3.12. The relation between T and v.

SRthe uncertainty in calculated T. value is too large. For example assuming
CD

only 5% error in T, and 0.05 error in NOE the T. for C(9) in 21 and 22
ranges from 63-166 s. So only for rapidly rotating methyl groups with a con-

st)
siderabie T. contribution to Tt, the rotation barrier can be determined.

SRHereto use is made of the equation T, = 25.86 (1 + 0.48 V) obtained from
the line in fig. 3.12. The results of the T, and NOE measurements for the
methyl groups in 8-10 are given in table 3.7.

Compared to toluene, in which V * 0.014 kcal/mole an increase in the
rotation energy barrier for methyl (3) in 8 is found, which may be explained
by the C2 hydrogen in 8, 2.5 ft away. However, the large difference in V val-
ues for Me(3) in 8 and 9 is not clear at the moment.

Me(4) in 10 can be compared with Me(2) in 1,2,3-trimethylbenzene, which
has V 4 0.4 kcal/mole. As the environment of Me{4) in 10 is asymmetric a some-
what higher barrier is obtained. For Me(l) and (3) in trimethylbenzene V *
1.5 kcal/mole, but presumably this value is too low . Substituting Grant's
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TABLE 3.7. T^ and NOE values9 and energy barriers for the methyl groups in

No.

S

9

10

Compound

JX,

/2-
AX

At. no.

3

3

3
4

T2(s)

15.2

9.0

14.2
13.3

NOE

1.09

1.65

1.55
1.21

T SR(s)

33.7

54.0

64.6
34.1

V (kcal/mole)

0.6

2.3

>2.5
0.7

Solvent acetone-d ; accuracy T. « ± 10%; accuracy NOE « ± 0.10.

results50 in eq. (14) gives V(2) « 0 kcal/mole and V{1) = 7.6 kcal/mole, while
in o-xylene a barrier of 2 kcal/mole is found . These findings are the basis
of the assignment of the He(3) and Me(4) resonances that have been presented
in chapter 2.
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Chapter 4

MAGNETIC FIELD DEPENDENT CARBON-13 T RELAXATION MEASUREMENTS.

CALCULATION OF THE CARBON-13 CHEMICAL SHIELDING TENSOR

4.1. Introduction

The first magnetic resonance experiments were reported in 1946 on solids
o

and liquids . Both experiments give information about the magnetic shielding
tensor (aN) of nucleus N. If a nucleus is placed in an uniform magnetic field
H a secondary field H. . is produced at N by the surrounding electrons. Foro , « m a

ind we can wr""te •'

l nd N o

If the electrons could rotate freely about nucleus N then oN is an isotropic
diagonal matrix and ft. . is parallel to ft . Normally the nucleus is part of a
molecule in which the electrons are no longer free to rotate. Then the shield-
ing tensor becomes anisotropic and ft. . is no longer parallel to ft . Eq. (1)
represents the transformation of the vector ft to the vector ft. ., which in
general will have a different orientation. Mathematically this is represented
by a matrix vector multiplication.

In liquids the molecules are rapidly tumbling. The anisotropic terms are
then averaged out and the induced field is determined by the average value a.
of the tensor a which is given by the trace

c. = (2)

In eq. (2) a. is the chemical shift and a , o and o are the principal• x« yy zz
values of the shielding tensor in a molecular axis system. Chemical shifts
are given with respect to the resonance of a reference compound in parts per
million (ppm) and are widely used in the determination of the structure of
molecules. However, the elements of the shielding tensor are a much more
sensitive probe into the electronic environment of a nucleus than the trace
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alone. From solid state NMR performed on organic single crystals and powders,
it is possible to obtain the values of O K , o and o if the overall motion
of the molecule is stopped. The spectra obtained by the "proton enhanced NMR
technique" of Pines et al. for dilute spins in solids are easily interpreted
because line broadening due to dipole-dipole interactions of nuclear spins is
strongly reduced. To quantify the anisotropy of the tensor oN the chemical
shift anisotropy factor Ao is introduced:

°ZZ " *
 {oxx + V

°zz * °xx * °yy

(3)

To obtain more insight into the AO values of carbon atoms in compounds with
thiophene rings the powder spectra of 7-10 were recorded. Both the values for
the chemical shift o. and the chemical shift anisotropy Ao have been calcu-
lated by a semi empirical SCF method (CNDO).

Information about shielding anisotropies can also be obtained from the
carbon-13 T* relaxation time,

l/T
SR

(4)

These terms were explained in chapter 3 and if the shielding tensor is axially
symmetric T. in an isotropically tumbling molecule is calculated as ' :

CSA = 2/15 2 u 2 ,, ,2 (5)

CSAIn this chapter L. times calculated using shielding tensor elements from
CNDO calculations, are compared with the experimentally obtained field de-
pendent L. values. In a few cases the experimentally obtained shielding ani-
sotropies could be compared with the calculated values.

4.2. Calculation of the shielding tensor elements

The contribution of the magnetic dipole moment (uM) of nucleus N to the
™ n

total energy E of a molecule in an external magnetic field H is

E = E° "° I V*o
44

V V*o (6)



E° contains a l l other contributions to E. The quantum mechanical expression

for the total energy of a system is given by the well-known equation

HV = E* (7)

where H is the Hamiltonian operating on a wave function v. The first evalua-
tion of cN from eqs. (6) and (7) was made by Ramsey ' using a perturbation
theory. However, the applications of Ramsey's results are limited which is
mainly due to problems associated with the gauge of the vector potential de-
scribing the magnetic field. Another approach to the solution of eqs. (6) and

1'(7) was made by Pople . By introducing Gauge Invariant Atomic Orbitals
(GIAO's) the value of the calculated NMR shift depends no longer on the origin
of the coordinate system chosen for a particular molecule. Using a linear com-
bination of GIAO's to describe the molecular wave function * the second order

12perturbation energy can be calculated . Comparison with eq. (6) yields the
tensor a...

From this theory it follows that the shielding tensor elements o „ can
d a^be written as a sum of three terms. A diagmagnetic term (a o ) , a paramagnetic

C(p KIU

term (a *:} and a term for the contribution of neighbouring atoms (a ). a and
3 denote one of the directions x, y and z in an arbitrarely chosen axis sys-
tem. With eq. (2) we then find for the chemical shift a^:

N d(N) . p(N) . NM
°i = ° + ° + °(N*M)

(8)

This result is in agreement with the approach to a. made by Saika and
Slichter13. The diamagnetic screening ( c d M ) is the Lamb term14 for atom N
and represents the magnetic field induced by the local electrons. The para-
magnetic term (oP» ') depends on the electronic environment and involves the
mixing of ground and excited electronic states by the applied field. The
third term in eq. (8) gives the effect of currents on neighbouring atoms.
With the term the shift of hydrogen atoms (N = 1H) can be explained
but for all other atoms the aP(N) term dominates.

4.2.1. The diamagnetic tensor element cd(S)

Pople found for the diamagnetic term:
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otB 2 me-* (9)

m and e are electronic mass and charge and c is the speed of light.

r" is the nucleus-electron distance vector. 6 D is the Kronecker symbol;
Otp

is a term of the population

is the coef-

1 if a 0. PiiS « 1 if a « B and otherwise 6 . ...
aB occ <*6 pv

density matrix, P .. « 2 Z c.,c,, in which the element c.
1JV i Pi pi

ficient of atomic orbital 0 in molecular orbital i.

For the diagonal elements 6

N

1 and with r2 = r2 + r2 + r2 eq. (9) becomesx y z

d(N)
2 mcz p PP p

r2 + r2

(10)

The wave function 0 is written as the product of the spherical harmonics Y

(the angular part of the wave function) and the radial factor R. Substitution

of this product in eq. (10) and separating Y and R gives

NI
s

d(N) =
xx

c 0 S 2 e | Y <R |±|R >
p'r1 P

I")

The elements rQ and r of the distance vector Tare now written in polar co-ts Y
ordinates, r sine sinjD and r cose, respectively. Calculation of the angular

part in eq. (11) gives with ̂  <Rvl||R > = K

Pss Pxx Z/5 P
yy

(12)

P is the element of the population density matrix of the 2s, 2px, 2p

and 2pz orbitals respectively, used in the summation over i.

The non-diagonal elements o * ' are given by
Op

d(N) = 1
(13)

For Slater type orbitals integrals of the type <R \-^\R > are approximated

by r

<»-

-m #«
1 / nan \ /(2n-m).'

rn p \ eff i Z n)-
(14)
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n is the principal quantum number of the orbital, m is an integer,

a the Bohr radius ando 1

mated by Slater rules

a the Bohr radius and Z is the effective nuclear charge, esti-o 1? ell

As the trace of the tensor o ' ' is invariant with respect to the choice of
the coordinate system the average diamagnetic shielding is obtained with
eq. (2) as

Zeff I
3 me2 7Ta~ v vv (15)

The calculated diamagnetic shielding tensor is diagonalized and the aniso-
tropy Ao ' * (eq. (3)) for a carbon atom is found to be less than 2 ppm
Using the theory of Ramsey a considerably larger contribution of Ao

d

pp
tog

Ao^ ' has been calculated . Another method to calculate the diamagnetic
20 21shielding has been proposed by Flygare ' and these values have been used

successfully in the interpretation of experimental data . Furthermore,
a good correlation was found between the values of Ao calculated with the
model of Flygare and those calculated by ab initio and INDO using Ramsey's
theory. As the Aa values are found to be very different by using Pople's and
Ramsey's theory, caution should be taken in contributing a physical meaning to
the o value calculated with Pople's theory.

4.2.2. The paramagnetic tensor element <pl.
ctp

This term can be calculated^ from

occ unocc
aB
N M

(16)

(17)

A is Avogadro's number and x P is the atomic contribution to the para-

magnetic susceptibility tensor xPs (e-i~Ei) is the energy difference be-

tween electronic states i and j? (1^) v is the integral /0 1 0 dx in

which 1 is the angular momentum operator; (1 ) has been calculated
° 25 ° W

by Runsink .
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The calculated paramagnetic shielding tensor is not symmetric and therefore
prior to diagonalization the following operation has to be performed :

(18)

In the Average Excitation Energy (AEE) approximation e.-e. in eq. (17) is re-
placed by a value of 10 eV. However, in unsaturated systems excited states
with energies higher than 10 eV contribute appreciably to the chemical

27
shift . Therefore, the replacement of
energy AE.. is to be preferred

AE

by the singulet excitation

and

. . . " El - £ • — O.-J T £ fk. .

J^• and K-• are the Coulomb and exchange integrals, respectively.

4.2.3. The shielding contribution of neighbouring atoms

The third term in eq. (8) is given by12

(19)

(20)

Rjmy is the distance between the nuclei N and H and fi, , fL. are components of
this vector. As the contribution of these elements to the elements of the
complete shielding tensor is very small the shift anisotropy contribution
from eq. (20) is neglected.

4.3. Powder spectra

In conventional solid state NNR spectroscopy the carbon-13 relaxation
times are very long, which makes it hard to obtain a C-spectrum with a good
signal to noise ratio. Further the C lines are broadened by dipole-dipole
coupling. By using an adequate multipulse double resonance technique Pines
et al. succeeded in eliminating the dipolar broadening and increasing the
sensitivity such that a powder spectrum from natural abundance 1 3C of samples
of 250 mg of material could be obtained in less than 10 minutes . The values
of the shielding tensor elements from solid state spectra depends on the
temperature, as is illustrated in table 4.1 for hexamethylbenzene .
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TABLE 4.1. C shielding tensor elements3 in hexamethylbenzene at 23°C and

-186°C.

CH,.
CH3-

C

c

T(°C)

23
-186

23

-186

107

104

-61

-104

11

+

+

+

+

14
16

6

6

a 22

107 ±

104 ±

-61 ±

-26 ±

14
16

6

6

°33

107 ± 14

104 ± 16

107 ± 14

104 ± 16

°i

107 ±

104 ±

-5 ±

-9 ±

14
16
9

9

Ao

0 ± 14

0 ± 16

168 ± 9

169 ± 9

Shifts are in ppm relative to benzene

At both temperatures the reorientational motion of the CH3 group is too fast

to measure the individual tensor elements. For the ring carbons we see that

at 23°C a rapid motion about the six fold axis is present which leads to ah

averaging of the two low field »lements. At lower temperatures this motion

is stopped and three tensor elements can be distinguished. Contrary to the

shielding tensor elements the shielding anisotropy does not depend on temper-

ature and therefore this quantity is used in the comparison of experimental

and calculated values. Apart from this temperature dependence which hampers

the comparison between calculated and measured values of the shielding tensor

elements some additional problems complicate the interpretation of the solid

state powder spectra. First there is a slight difference in Ao values ob-

tained from organic single crystals and powders . A second problem arises

because of the low resolution in solid state NMR spectroscopy. The individual

tensor elements of slightly different carbon atoms are not resolved in the

spectrum and only an average shift anisotropy is obtained. In toluene the Ao
5Q

value for all ring carbons is found to be 172 ppm, although C, is expected
30 31

to be different from the others ' . Recently, however, the individual tensor

elements of the carbon atoms in some para-dialkoxy benzenes have been found in

the powder spectrum, using isotropic shift values .

For these reasons the powder spectra of 7-io given in fig. 4.1 should be

interpreted with caution. The spectra were recorded33 at -170°C and at that

temperature a fast rotation is present in thiophene about the axis perpendi-

cular to the plane of the molecule, the z axis. The result of this motion is
that the av and o values are averaged to one value, a... The value of the z

^ y //
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— «'JC(PfM)

Figure 4.1. Powder spectra of thiophene, 2,5-dimethylthiophene, 2,5-diiaethyl-
thiophene sulphone and 2,3,4,5-tetravethylthiophene.
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component is denoted by o . Consequently, Ao = a.. - a± which in 7 is found to

be 100 ± 10 ppm. In 8 this motion is stopped and a,,, a22
 ancl °oo can be dis-

tinguished. From eq. (3) Ao is calculated to be 90 ± 15 ppm.

In 9 and 10 no tumbling about any axis is expected. Because the signal to

noise ratio end the resolution in these spectra are less satisfactory than

for 7 and 8 the Ao values can not be determined. The spectra indicate that

the Ao values in thiophene systems are considerably smaller than in benzene

systems, where Ao values between 122-180 ppm are reported.

4.4. Relation between calculated and experimental Ao values

Shielding tensor elements are calculated9*34"36 with the INDO method37

and the related MINDO method . These methods are primarily developed to cal-
culate ground state properties for molecules containing first-row elements
only, while excited states are involved in the calculation of Ao values. For
the calculation of excited state properties Del Bene and JaffS developed the
CNDO/S method39*40.

The CNDO/S-, INDO/S- and INDO-methods (with Pople's theory12} give great-
ly different results for the Ao values of some simple molecules as ethylene,
acetylene and benzene11'27'35'36*41. With the CNDO/S method reasonable agree-
ment is obtained with experimental data for the carbon-13 screening tensor41,
but the results in calculating the fluorine-19 tensor and oxygen-17 tensor
were poor .

For molecules with second-row elements no calculations of the shielding
tensor have been reported. As the INDO and INDO/S method cannot be applied to
second-row elements we have to use a CNDO method. Results for 7-io of both
CND0/2- and CNDO/S calculations are given in table 4.2.

Powder spectra of toluene , 1,2,4,5-tetramethylbenzene , 1,2,3,4,5-
pentamethylbenzene and hexamethylbenzene ' give Ao values for the ring
carbons between 125-180 ppm, while for the methyl groups values in the range
of 0-25 ppm are found. From table 4.2 we see that calculations based upon
singlet excitation energies result in larger differences in shift anisotropy
between the carbon atoms in a methyl group and in the unsaturated skeleton
than when the AEE approximation is used. Furthermore, we find that the Ao val-
ues calculated with CNDO/S are about the same for the atoms C1 and C2 in 7-io.

Although our experimental data do not give a clear illustration of the
superiority of the singlet excitation energy approximation the overall agree-
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TABLE 4.2. Shielding anisotropies in ppm calculated by CNDO/2 and CNDO/S.

Moi.
no.

Carbon
no. ao (CNDO/2) Ao (CNDO/S) Exp.

AEE* AEE*

73

67

66

51

47

48

144

130
100 ± 10

1 53
2 64
3 32

56

45

7.1

47

47

16

142

125

4.6

90 ± 15

1 77 35 62 123
2 85 45 52 121
3 33 6.7 17.8 5.7

10 -OH
51
45
32
30

51
46
7.4
6.3

46
47
15.8
15.5

141
127
4.0
2.8

e -e in eq. (171 replaced by 10 eV (AEE approximation).

t -e in eq. (17) replaced by &E . from eq. (19).

from comparison with 7 and 8 Ao < 120 ppm is expected.

34 44 45
ment and the results of several other studies ^ » " » ™ justify our preference
in ustng this method in the calculation of the chemical shielding tensor.

4.5. Analysis of magnetic field dependent T. data

The tensor for magnetic shielding of a nucleus is anisotropic in most
molecules. This means that the magnetic field at the nucleus is modulated by
the tumbling motion of the molecule, thus providing a mechanism for nuclear
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spin relaxation. In order to calculate the spin relaxation time it is there-
fore necessary to describe the motion of a molecule in the liquid. Huntress
has attacked this problem by using a model in which the reorientation of a
molecule is described as rotational diffusions about the three principal axes
of the moment of inertia tensor with frequencies proporitonai to the compo-
nents of the diffusion tensor7'8 (0 , D , D ). A similar approach has been
made by Woessner who described the reorientation of a molecule in terms of
angular correlation times x, where T IS the time the molecule takes to reorient
itself through one radian. In this chapter we shall make use of the theory de-
veloped by Huntress. The relation between D and T for an Isotropicaiiy tumbling
molecule is T * 1/60.

In chapter 3 we have seen that the spin relaxation time can be calculated
from the transition probability between two states. The relaxation of a nuclear
spin systtm can be described by a time dependent HamiltonIan Ht. Ht Is defined
with random functions of time F and nuclear spin operators A. The time averaged
elements for anisotropic shielding relaxation are:

(±2) Yco2'n/(2.(6}*)

where o ' is the reduced tensor element in the z direction, <?,

(21)

The
n factor gives the deviation of axial symmetry of the shielding tenso- and for

the z direction n * {a '-a ')/o '. Using the time dependent Hamiltonian the
CSA •*

relaxation time Tj for an isotropically tumbling molecule with n = 0 is

given by eq. (5). In the next part of this chapter we will see that the n
CSA 2

factor cannot be neglected in the calculation of T, for sp hybridized
systems.

CSAHuntress used H. to calculate T, for a planar asymmetric rotor. The x
axis is chosen to lie along one of the principal axes of the chemical shield-
ing tensor. Accordingly the n factor is then defined as n ,n

T. now becomes CSA 2 U 2/1/Tj""- 3/40 vc
eH0'{oxTP(D)
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P(D) (n-l)2Dy + (n+l)2Dz]cos2jD

2jB | (n-3) 2 { x" *
2

[4Dy + (n-l)2Dx + (n+l)2Dz]sin2jB - -|(n-3)2 { x" * }cos2j0sin2p} (22)
°Z

+Ds

Dr " I <DxDy + DxDz +
Ds ,| (Dx + Dy + Dz)

f) Is the angle between the x axis and the principal x axis of the diffusion

tensor, which is assumed to coincide with that of the moment of inertia tensor.

The function P(0) can only be calculated if the three rotation diffusion con-

stants D , D and D together with n and 0 are known. D , D and D_ can be ob-
y nn Z X y 2

tained from T, measurements if at least three different CH vectors are pres-

ent in the molecule. However, in some special cases a number of simplificationscan be introduced. For a symmetric rotor

then reduces to

P(D)

and Dy
and eq. (22)

(23)

For an isotropically tumbling molecule 0.

obtain

D and for we then

(24)

The values of n and JD in eq. (22) are hard to obtain experimentally. For most
carbon atoms of single and triple bonds n » 0 is a good approximation8 and
with eq. (3) then the already presented eq. (5) is obtained from eq. (24).

4.6. Remults of T. meatuxementM at different magnetic fields

The analysis of the
8.46 T was made using eq. (4). With Tj and NOE the T j 0 0 can be calculated

data obtained at magnetic fields of Hn = 2.35 T and
DD °
1
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(see chapter 3). Because T,DD, T.SR and T.° (see eq. (4)) are field indepen-
dent T, can be calculated from T, measurements at different fields. The
Tj, NOE, Tj 0 0, T ^ * , Tj 0 and the contribution of the CSA mechanism to the
relaxation are given in table 4.3 for 1-4, «-io, benzene (24) and perdeutero-
benzene (25). The data for 7-10, 34 and 25 will be discussed first.

From table 4.3 we see that the CSA contribution for hydrogen bearing
carbon atoms to the T, can be neglected at low field, while the contribution
for quaternary carbon atoms is about 10%. At high field the CSA mechanism is
clearly more important for both kind of carbon atoms, as was expected from
eq. (5). The shift anisotropy ha in 34 found from solid state NMR spectra,
is 180 ppm , while for 7 Ao « 100 ppm. Therefore, the CSA contribution to
the 1. is expected to be larger for benzene than for thiophene. This is not
found (see table 4.3) although the measurements show that the CSA contribu-
tion for CgD,, in which molecule the dipole-dipole relaxation will be small,
is 40% compared to 20% found for 24. If isotropic tumbling is assumed in
7-10 the effective correlation times can be calculated from the Tj values
and used as an approximation for the value of T in eq. (5). The Ao values
then calculated from eq. (5) for 7-10 are 420, 330, 250 and 220 ppm, respec-
tively. From solid state spectra values of about 100 ppm are found and our
calculated values indicate that the motion of the molecules is not adequately
described, while the n * 0 approximation will not be valid too in these sys-
terns . The decrease in Ao values calculated suggest that the approximation of
isotropic tumbling is more realistic in 10 than in 7.

In chapter 3 we have seen that the reorientational motion of 1-4 and «
can be described and therefore the CSA mechanism is further analysed for
these systems. The CSA contribution for the quaternary carbons in 1-4 and 6
at low field is about 15%, and increases to 50-80% at high field. Presumably,
the value for the Cj carbon in 4 is in error, as in these spectra signal to
noise ratio were not satisfactory due to the low solubility of 4. The dif-
ferent T. values of C. and C2 in the compounds 2 and 3 using the solvents
acetone-dg and dmso-dg can be explained by the higher viscosity of dmso-dg.
However, at low fie'd the DO mechanism is not the only contribution to the
T-. For the long T, values at low field T,° is even dominant in 1 and 2 as
can be seen in table 4.3. Beside CSA and DO one of the other contributions
comes from small traces of oxygen, which is paramagnetic. The absolute con-
tribution of oxygen is field independent but long T.'s will be influenced
more than short T^'s.
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TABLE 4.3. t, and NOE measurements at different magnetic fields.

H = 2.35 T
0

HQ = 8 .46 T

N o . * Compound At. NOE15
T 1

C S A ( S ) 3SCSA NOEb T T 1
C S A ( s ) %CSA

i A

3 A

3 A

2 D

3 D

cl
C2

Cl
C2

C2

Cl
C2

Cl
C

170
295

302

180

207

205

200

71

63

60

1.
0.

0.

1.

1.

1,

0

1

1
1

20
54

,42
,10

,45

.25

.90

.66

.40

.40

282
1086

1429

325

284

326

442

85

89

85

2456
1756

2069

2151

2500

1736

735

621

883

549

518
526

470
497

1099

810

726

1409

285

325

7
17

15
8

8

12

27

11

7

11

93
98

110

90

104

85

47

30

34

26

0.
0.

0.

0.

0.

0.

0,

0,

0

0

73
20

15

51

67

.50

.20

.65

.72

.55

253
974

1458

351

309

338

467

92

94

94

189
136

160

166

193

134

57
48

68

42

662
548

464

447

835

744

628

613

246

249

49
72

69

54

54

63

82

62

50

62



4 D

c

6 D

cl
C2

53
140

51
45

1.

0.

1.

1.

40
80

46

35

75
348

69
66

766

295

743

471

236

1137

265

202

7

47

7

10

29
21

28

21

0.63

0.10

0.84

0.66

92

417

66
63

59

23

57

36

150

573

331

252

49

91

49

58

24 A C6H6 32 1.60 40 1658 177 2 26 1.40 37 128 276 20

25" C6D6 107 2231 112 68 172 112 40

7 A

8 A

9 A

io A

cl
C2

Cl
C2

Cl
C2

Cl
C2

31
31

115

19.

110

11.

115

123

1.55

1.55

0.72

1 1.68

1.21

8 2

1.25

1.29

40
40

318

22.6

181

11.8

183

190

1545

1545

1305

1849

1269

1048

1176

1270

151
151

209

132

360

-

420

481

2
2

9

1

9

1

10

10

25
25

56

17.0

54

10.4

53

57

1.
1.

0.

1.

0.

1.

0.

0.

40
28

36

60

60

60

61

62

36
39

309
21.1

179
12.9

173

183

119
119

101

143

98

81

91

98

262
262

212

225

367

159

477
533

21
21

55

12

55

13

58

58

** A « acetone-dg; D « dimethylsulphoxide-dg. " Accuracy Tj values ± 10%,- Accuracy NOE values ± 0.10.
c Experimental errors in range 10-20%. d Pure liquid.



The spin rotation mechanism is another possible contribution to the T,'s
in 1-4 and 6. From the Tj (32 s) and NOE (1.6) of benzene ' a Tj contribu-
tion of 30% is calculated. As the NOE values for the CH carbon atoms in 1-4

CD

and 6 are close to the maximum NOE value only a small contribution of T., is
expected in these systems.

CD

All T. measurements were performed at the same temperature, so the T, ,
nn 1 y y 1

Tj and Tj oxygen contributions to the Tj are the same at H0
A (Ho = 2.35 T)

and H o
B (HQ

B = 8.46 T). Then we can write A 1/Tj (A 1/Tj = A l / T ^ ) as
A 1/Tj = 1/Tj8 - 1/T/ = -^ Yc(°x")

2[(H0
B)2 - (HO

X)2]P(D) (25)

With eq. (25) the experimental difference in T, values at two magnetic fields
CSA

can be compared with the calculated difference in T, values. CNDO calcula-
tions, presented in the eqs. (9-20) are used to obtain o ' and the asymmetry
factor n. The matrix which is used in the diagonalization of the shielding
tensor during the calculations gives the angle 0 (see appendix 0 in ref. 3).
With eq. (23) P(D) in eq. (25) can then be calculated.

CSA
4.7. Calculation of T ; correlation with the experiment

As we have seen one of the main problems in the analysis is the descrip-
tion of the reorientational motion of the molecules studied. A correct treatment
requires the knowledge of the rotation diffusion constants about the three
principal axes. For 6 the effective correlation time calculated for C.. and C?

is the same and because of the molecular shape isotropic tumbling is assumed.
In chapter 3 we have shown that 1-3 can be analysed as symmetric top mole-
cules, the motion of which is characterized by two rotation diffusion con-
stants, D and D... The results of the calculations are given in tables 4.4
and 4.5. From table 4.4 we see that the n = 0 approximation for these systems
is not justified; especially the results for C. in 3 and 6 would be miscalcu-
lated. The tensor elements were also calculated by CNDO/2 but then the expect-
ed unit slope for the correlation between A 1/TJ (exp) and d. 1/Tj (calc) from
eq. (25) is not obtained at all, while the correlation is poor. Therefore, on-
ly CNDO/S values are given in tables 4.4 and 4.5 and A 1/T., (calc) is plotted
against A 1/T, (exp) in fig. 4.2. Although the correlation is at first sight
not perfect two things should be kept in mind. The experimental T, has an ac-
curacy of about 10%. The origin of this relatively large error depends on
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TABLE 4.4. Diagonal tensor elements calculated with CNDO/S. Reduced tensor
element a ' in the x direction, anisotropy factor n and angle JD.

Mol. A t .

1 0

XX "yy zz

L2

C2

k

-200
-204

-213
-196

-155.
-186.

-193.
-210.

-150.
-180.

-222.
-206.

-219.
-202.

-208.
-209.

-218.
-205.

.62

.27

.35

.63

.99

.49

89
.45

55
49

22
87

73
34

30
51

73
15

-154
-159

-160
-150

-183
-148.

-150,
-151,

-182.
-144.

-160.
-150.

-162.
-142.

-156.
-126.

-159.
-148.

.72

.10

.51

.48

.51

.78

.91

.63

.77
,50

,32
81

09
28

09
42

00
85

-46.83
-46.66

-47.11
-46.44

-47.66
-47.07

-54.86
-46.97

-55.40
-46.04

-47.23
-48.69

-48.44
-47.27

-59.18
-47.16

-47.44
-49.69

-66.56
-67.59

-73.03
-65.45

-26.94
-59.04

-60.67
-74.10

-20.98
-56.81

-78.96
-71.41

-76.31
-71.71

-67.11
-81.81

-77.01
-70.59

1.62
1.66

1.55
1.59

5.04
1.72

1.58
1.41

6.07
1.73

1.43
1.43

1.49
1.32

1.44
0.97

1.45
1.40

15.8
15.4

23.5
19.6

11.2
33.3

20.3
15.2

33.2
28.1

0.0
37.1

4.4
37.4

18.7
34.7

0.0
35.9

¥•'

TABLE 4.5. Calculated and experimentally obtained T. differences.

Mol. Solv.a At O11D..(xlO11) A 1/T^calc) A 1/T^exp)

0.188
0.188

0.173
0.173

0.184
0.184

0.046
0.046

0.047
0.047

0.042
0.042

0.373
0.373

0.389
0.389

0.390
0.390

0.106
0.106

0.111
0.111

0.042
0.042

acetone-d , D dimethylsulphoxide-d,.o

0.00528
0.00548

0.00628
0.00521

0.00347
0.00409

0.02345
0.01945

0.01266
0.01534

0.02077
0.02293

0.00487
0.00681

0.00578
0.00556

0.00478
0.00689

0.01628
0.01925

0.01354
0.02179

0.01610
0.02540
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.005

.005

Figure 4.2. Plot of A1/T (exp) vs. A 1/T.(calc); the drawn line is the ex-

pected line. The data for 4 are omitted in this figure because

of the large experimental error.

several factors such as sample state, sample geometry, probe configuration,
temperature, sensitivity which are all discussed in the literature . The
other point is that in the calculations an approximated model is used in which
several parameters occur, among which dipole-dipol'1 relaxation times. Con-
sidering these uncertainties in our equations the plot in fig. 4.2 is quite
reasonable.

4.8. Discussion

Thus far, few attempts have been made to calculate shielding anisotropies
from field dependent T, measurements. The developments in solid state NMR
spectroscopy offer a more direct method to obtain all the shielding tensor
elements ' , but this method is suitable only for relatively small mole-
cules. One of the first field dependent T, studies was done by Spiess et
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al. , who calculated Ao values in Ni(C0)4 and Fe(CO)g complexes, but no cor-
relation with other experiments was reported. For the carbon atom in the CN
group of acetonitrile a shift anisotropy Aa = 460 ppm was found from field
dependent Tj data . Solid state powder spectra of the same compound gave Ao
= 204 ppm51 and liquid crystal NMR spectra gave Ao = 307 ppm .

For toluene T- measurements have been done with a C resonance frequency
of 14, 30 and 61 MHz and it was concluded that for the C. atom Ao $ 295 ppm .

Results of some phenyl-substituted acetylenes were reported by Levy et
al. \ measuring T, at a magnetic field of 2.3 and 0.0 T. For the acetylene
carbon in diphenylacetylene aa = 270 ppm was found. In another study a signi-
ficant contribution of the CSA mechanism to the 1. was found for the sp hy-
bridized carbon atoms in indole and cholesterylchloride and all Ac values
found were larger than 200 ppm .

In all these systems no satisfactory description of the rotation diffu-
sion tensor could be given. This may be the reason why the reported shift
anisotropies are a factor of at least two larger than the Ao values obtained
from powder spectra. In this study we used a set of equations to analyse the
CSA

T, contribution to the I,. The inclusion of the asymmetry factor n is ne-
cessary as with n = 0 no correlation at all is obtained in eq. (25). The in-
troduction of the angle 0 does not alter the results greatly. However, the
question remains how to obtain the shift anisotropy directly from field de-
pendent T.. measurements. From eq. (23) we see that knowledge of the angle 0
and factor n are required. The last value can be calculated from the shield-
ing tensor elements, which can be obtained from SCF calculations or solid
state powder spectra. Therefore, we have to conclude that in most cases no
direct information about the shift anisotropy can be obtained from field
dependent T. measurements. However, for planar molecules Ao values can be ob-
tained after introducing some approximations to the formula. With n = 0 and
0 = 0 and using eq. (3) we can write for Tj S of a planar symmetric rotor
(from eqs. 22, 23):

- 2/15 ± (26)

Eq. (26) is nearly equal to eq. (5), but 0 ± is replaced by D in eq. (5). Using
D instead of D^ will result in too large calculated Ao values because in planar
symmetric rotors D^ < D. For our systems in which sp2 hybridized carbon atoms
are present the approximation n = 0 is not allowed. The reasonable correlation
obtained for compounds 1-3 and 6 (fig. 4.2) allows the use of calculated shift
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tensor elements (table 4.4) as an indication of the shift anisotropy. The data

given in this chapter are a nice illustration of the usefulness of measure-

ments at both low and high magnetic fields. The data presented in chapters 3

and 4 show that it is possible to unravel the various contributions to the
CSA

carbon-13 T,. For hydrogen bearing carbon atoms the T. contribution to the

T. is up to 20% while for quaternary carbon atoms contributions up to 80% are
-I 1Ofound. For

CSA

13C measurements in the extreme narrowing limit the determinations
of T. are only important from a theoretical point of view. However, for

56

slowly tumbling molecules like proteins and for nuclei with large chemical

shift anisotropies (like 3 1p) 5 7» 5 8 the determination of T 2
C S A becomes impor-

tant.
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Chapter 5

PHOTOELECTRON SPECTRA OF AROMATIC SULPHIDES AND SULPHONES

5.1. Uv-photoelectron spectroscopy

An experimental study of the molecular orbital energy levels in organic
sulphur compounds is possible since the introduction of photoelectron (pe)
spectroscopy. Our interest was evoked by an examination of the electronic
absorption spectra of the dithienothiophenes 1-3 and the corresponding di-
oxides 4-8. In these spectra a blue shift of the longest wavelength absorp-
tion band (LWAB) was found upon oxidizing the central sulphur atom in 3,
yielding e while the conversion of 1 into A and 2 into s resulted in red
shifts . From simple HMO calculations it appeared that these shifts are
caused by displacement of the lowest empty MO through the influence of the
suiphone group. This study was undertaken to obtain more information on the
nature of the high lying occupied MO's. We aimed at an assignment of as many
bands as possible in the pe spectra of 1-6 by suitable semiempirical calcu-
lations.

In electron spectroscopy molecules are iradiated in high vacuum with
monochromatic light, for example from a He source with hv = 21.2 eV. At this
energy only the valence shell electrons are ionized. Direct ionization or
autoionization may occur and the kinetic energy (Ekl-n) of the ejected electron
can be related to the ionization potential (IP) by the equation:

E. . = hv - IP, where IP = - e.. - R + C

IP is the sum of the negative values of the MO energy (-£_•) and the reorgani-
zation energy (-R) and the positive value of the electron correlation energy
(+C). In general it is assumed that the terms - R and <• C cancel , so that IP
is then equal to -£.= , a relation known as Koopmans1 theorem . This theorem is
used in chapters 5 and 6, although the validity has been subject to discus-
sion ' . The energy of each MO corresponds to a band in the pe spectrum. The
intensity of a band depends on the number of electrons counted in a second.
Due to the limited resolution, bands of low lying MO's in large molecules
normally cannot be assigned.
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5.2. Survey of literature data

D

Clark et al. have analysed the pe spectra of the thienothiophenes is and
16. The first three bands in the pe spectra could be assigned to * orbitals by

00
IS 16

means of EHT and PPP calculations and the shape of the bands. The nature of the
fourth band in the pe spectrum of is and 16 could not be determined by Clark

9but Coustale et al. assigned this band in the pe spectrum of is to the sulphur
lone pair orbital by comparing the pe spectra of substituted thieno[2,3-b]thio-
phenes. This assignment was supported by a CNDO/S calculation of is.

Although thiophene-iike sulphur atoms will contribute to the conjugation
a sulphone group must be seen as a group with mainly an inductive effect ' .
The ionization potentials obtained from a pe study of dimethyl sulphone (26),
vinyl methyl sulphone (27) and divinyl sulphone (28) have been compared with
calculated (CNDO/2) NO energies of corresponding systems without the SO,

10group . From the influence of the SO* group on the energy of the MO's Schweig

Me Me H2C = HC Me H2C=HC CH=CH2

S
°2

26 27 28

stated that the conjugative effect of the S02 group is considerably less than
the inductive effect. However, from the uv data of dithienothiophene-dioxides,
mentioned earlier, it was concluded that in so-called Case I sulphones12 at
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least some orbitals are greatly influenced by ihe presence of the S02 group.
If a conjugative effect of the sulphone group is of importance, Case I sul-
phones should give more information about this L.han Case II sulphones like
27 and 28. The only Case I sulphone studied by PES so far and compared with
the corresponding sulphide is 2,5-di-t-butyl-thiophene sulphone (29). From a
comparison between 29 and the corresponding sulphide only an inductive effect
of 0.8 eV on the energy of the lAp(ir) MO can be found.

t-Bu—^ J?— t-Bu
29

5.3. The photoelectron spectra of 1, 2 and 3

The pe spectra of 1, 2 and 3 are shown in fig. 5.1. In the low ionization
area five bands can be easily distinguished. The shapes of the bands are simi-
lar and only in 2 bands (1) and (2) strongly overlap. Band (3) in 2 and 3
shows vibrational fine structure. For a good description of the MO's the orbi-
tals at the S-atoin are considered to be hybridized. The p type hybrid on the

10 11 12 13 It 7
(tV)

10 11 12 13 14
(eV)

Figure 5.1. (see next page)
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c/s

8 9 10 11 12 13 K
(eV)

8 9 10 11 12 13 U
(eV)

10 11 12 13 10 11 12 13 H
(eV>

Figure 5.1. He photoelectron spectra of 1-6. For the measured vertical ioniza-

tion potentials and the assignment of bands, see table 5.1.

67



S-atom participates in the * system, while the a type hybrid undergoes orbital

mixing with other orbitals of the same symmetry. If there is a large contribu-

tion of the a type hybrid on a sulphur atom this MO is specified by n£, other-

wise by o8. The band shape is related to the character of the corresponding MO.

Ionization of an electron from a n or a MO usually results in a broadened band
8 14

in the pe spectrum ' . Taking the sharpness of a band as an indication of *

character ' , the first five bands in the pe spectra of 1-3 are expected to

correspond with ionizations from » MO's. To check whether the first five ob-

TABLE 5.1. Observed ionization potentials (eV). The MO classification is in
terms of the symmetry species of the point group C2y.

Band 1 2 3 4 5 Ref.

Compound

7 8.90
8.90

•) 9.50 B1(ir) 12.10 Ax(ns) 12.70

) 9.50 B1(it) 12.10 BjOO

15 8.32 B^u) 8.41 Agfit) 10.08 B^*)

16 8.10 au{ir) 8.61 au(ir) 10.04 b (*)

1 7.8 3AO{TT) 8.19 4B.

12.70

11.27

11.50

9.28

2

3

4

7.86

7.88

8.4

8.5

6 8.7

3A2{*) 8.01

9.88 3Bj(ir) 10.70 2Bj(w)

9.12 2^(11) 10.01 3^(1) 10.70 26^")

8.15 3/̂ (11) 9.16

9.8 3Ag(Tr) 10.5

10.06 SBjfff) 10.85 28^11)

11.8 ?
9.8 SBx{v) 10.5 10B2(irS0 )

9.5 3^) 10.6 AB^*) 12.2 ?
9.5 SB.fir) 10.6

15
16

8

8

9.6 3/^00 10.7 4B1(TT) 11.8 ?

9.6 5B1(w) 10.7 10B2(nS0 )

a Assignment according to PSSl calculations for band (1), (2), (3} and (4).

For assignment band (5) in 1 and 3 and band (6) in 3 see text.

Assignment according to FSS1 calculations for first five bands.
c Assignment see text.
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served ionization potentials agree with the first five calculated MO energies
correlation coefficients (r) are computed for the four different parametriza-
tion sets. Over 15 points we find: r(CNDO/2) r(PSSl) °-990' r(PSS2)
* 0.978, r.Qgj, * 0.966. On the basis of the high correlation coefficient of
the PSS1 method each band in the pe spectrum is assigned on the basis of the
eigenvector of the corresponding NO energy, calculated with PSS1. In table 5.1
the I values are given with the PSS1 assignment for the first five bands in 2
and the first four bands in i and 3. The fifth band in l and 3 is not closely
related to a calculated K MO but to a calculated ng orbital (see table 5.2).
However, from a comparison of the band shapes in l, 2 and 3 we prefer to as-
sign the fifth band in 1-3 to the 2B1(TT) NO. It is hard to determine which
band belongs to the ionization from the n orbital. The n orbital energy
( e 0 O ) in thiophene is -12.10 eV or lower (see table 5.1) and in tetrahydro-
thiophene e(n$) • -8.42 eV

17. Me now expect for i, 2 and 3 that e(ns) will
reach its highest value in 3, the molecule with the least aromaticity in the
central ring. From table 5.2 we see that the energy of the H A ^ n ) MO is cal-
culated about 0.5 eV higher in 3 as in i and 2. Only the pe spectrum of 3
shows two bands in the area between -10.7 and -11.5 eV. As band (5) in 3 is
assigned to correspond with a 2B,{») MO, band (6) in 3 at -11.2 eV belongs to
the n orbital. The fact that band (6) in 3 is broadened supports this assign-
ment. From the pe spectra we see that the band of the HA,(n ) MO in l will be
at -11.4 eV or lower and in 2 at -11.8 eV or lower. Both values are expected
to decrease when we compare them with the energy of the n orbitals in 16 and
15, respectively. Therefore, it is unlikely that the fourth band in is and 16

18
corresponds to a n orbital. Gleiter did analyse this band as the band of a
* MO.

The llA,(ns) NO is calculated too high with respect to the 2Bj(ir) MO by
about 1 eV. An improved correlation coefficient rpss, is obtained over the
first five bands by lowering the MO energies of all n and a MO's by 1 eV(r p s s i - 0.992).

5,4. The photoelectron spectra of 4, 5 and 6

The three spectra of 4, s and 6 in fig. 5.1 show the same trend. In the
low ionization energy area only three signals are observed with an area ratio
of 1:2:2. To describe the MO's corresponding with these signals two kinds of
oxygen lone-pair contributions to the MO system are considered. First a MO
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o TABLE 5.2. Calculated MO energies (PSSi) and corresponding MO character for 1-6.

EV

- 7 . 5 -

- 8 . 0 -

- 9 . 0

J0.0

-11.0

-12.0

J3.0

SA^n)

«A2CIT)

2A2tn>

2Bi<n)
9B2(n,)

8B2fc-)

13A,(n0)

9B 2 (n s )

3A2(TT)

ABt(n>

2A2 (n)

3B,(TT)

2B|(n)
11Ai(ns)
9B2(ns)
10A,(ns)

8B2(<r)

6B,(n0 )

5B,(ir)
2^1150,)
13A,(no>
ilB,(TT)

• 12A,(<r)

3A2(TT)

2A2(TT)

- 3B,(TT)

• 11A,(ns)

- 2B|(n)
• 9B2(ns)
: 8B2(<r)

10A,(n,)

6Bt(n0)

5B,(TT)

13A,<n0)
(

12A,(nt)

9B2(<r>



exists in which the charge is merely localized at the central sulphur atom and
the oxygen atoms, which is denoted by TT-0 . The second set is that in which
the AO's of the oxygen atoms make bonding and antibonding combinations with n
or a orbitals in the remaining part of the system . These MO's are called n
in table 5.2 if the electron density in that MO is located for more than 70%
at the oxygen atoms. Otherwise the MO's are denoted as o or it orbitals. Beside
the five IT MO'S in 1, 2 and 3 we expect upon oxidation of the central sulphur

in IQ on
'13"^ two irso MO's and two n 0 MO's with MO energies above -13 eV. For

these nine MO's a complex pe spectrum is expected but we only see a limited
number of broadened signals (see fig. 5.1). CNDO/2 calculations do not give a
clear answer to this problem. PSS1 calculations predict band (1) in 4, 5 and 6
to correspond with the 4A2(ir) MO. The second signal in 5 at -9.5 eV can then
arise from the overlap of bands of a 6EL(n ), l O B ^ ^ - ), 3A2(n) and 5B,(IT) MO
which are calculated at -9.18 eV, -9.43 eV, -9.53 eV and -9,54 eV, whereby the
energy of MO (1) is calculated at -8.34 eV and that of MO (6) at -10.57 eV.
For the second signal in 6 an analogous interpretation can be made, but not in
4 (see table 5.2). In this way the third signal in 5 and 6 consists of three
bands. Now an area ratio for the first three signals of roughly 1:4:3 is ex-
pected but we find 1:2:2. This suggests that some MO's are calculated at too

o os'
o2 o2

30 31

high energies. Comparing the pe spectra of sulphones (26) , (27) , (28)
(29) , (30) and (31) we conclude that the energies of the TTSO2

 and n
0

MO's will not be above -10 eV. Only band (2) at -9.20 eV in the pe spectrum
of 29 has been assigned to a nlSo2 MO with CNDO/2 calculations but our CNDO/2
calculations of sulphones do not give considerable oxygen AO contribution to
the first four MO's. Therefore, it is likely that with PSS1 the energies of
all ncno and n MO's in 4, s and 6 are calculated to be too high by at least

•>"£ 0 in

1 eV. Schweig already mentioned that the lB2(trS02) MO's in 2,3-dimethyl-
thiirene-l,l-dioxide and 2,3-dimethylthiirane-l,l-dioxide were predicted to
l ie too high by 0.6 eV and 0.3 eV, respectively. For these reasons the second
signal in the pe spectra of 4, s and 6 is assigned to the overlap of two bands,
namely the SA^TT) MO and the 5Bj(7r) MO. According to the calculations the third
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signal then will contain the band of the 4B1(ir) MO and from the area ratio be-
tween the signals the band due to one other MO will be present. In accordance

in 1q on

with literature va lues l u ' 1 3 ' £ U this rfill be the band of the 10B,.(ircn ) MO. To
T T ' "^2

get some additional evidence for this assignment the He spectra were record-
ed for 4 and 5 (see fig. 5.2). The higher energy of He11 irradiation has a

c/s

12
(eV)

IIFigure 5.2. He photoelectron spectra of 4 and 5.

pronounced effect on the intensities of bands in the pe spectra21'22 (see too
fig. 2 in ref. 23). It has been shown that bands from MO's with high S ( 3 , AO
contribution decrease in intensity while bands from MO's with high 0/2P) AO
contribution increase in intensity when the corresponding bands in He** and
He spectra are compared. The relative intensity of band (1) in 4 and 5, as-
signed to the 4A2(ir) MO was kept at 100 when we compared the He1 and He11

spectra. This is allowed because MO (1) in 4 has no S,, . contribution and in
5 the contribution can be neglected . In the spectra which we measured only
decreases in intensity are observed (see table 5.3), while the band shapes in
the He spectra are not different from those in the He1 spectra.

When the band of a n orbital would be present the intensity increase,
due to 0,2 » contribution, is expected to cancel or overcompensate the de-
crease of a band of a B^TT) MO or A2(ir) MO. The 3A2(w) MO and 5B,(n) MO in 4
(see table 5.4) were calculated to have large 3p contributions.
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TABLE 5.3. Relative He1 and He11 intensities of 4 and 5.

signal
signal
signal

(1)
(2)

(3)

Int He1

100

238

236

4

Int He11

100

148

218

Change %

0

-38

-8

Int He1

100

221

258

s

Int He11

100

196

158

Change %

0

-11

-39

As signal to noise ratio's in the He11 spectra are not so good, the accuracy

of the given changes is + 15%.

m

TABLE 5.4. The absolute value of the AO coefficient for the central sulphur at-
om 3p A0 (Sc), the thiophene ring sulphur atom 3p A0 (S*) and the
oxygen 2p , 2p and 2pz AO's, denoted by 0 , 0 and 0 , respectively
for M0 (1) till M0 (8) in 4 and 5.

MO

Sc

S*
4 °x

°y°z

Sc

s*

oy
°z

(1)

4A2(lr)

0

.0388

.1332

0

0

4A2(TT)

0

.2473

.1670

0

0

(2)

6 W ]

.0593

.0976
0

.4017

.5503

eB^) i

.0345

.1106
0

.3785

.4508

(3)

.0B2(*s02)

•3564a

0
.5331

0

0

°B2(*S02)

.3562a

0

.5412

0

0

(4)

3A2(,)

0
.4365
.3595

0

0

3A2(u)

0

.4341

.1656

0

0

(5)

5Bl(.)

0

.4955

0

0

.1370

5B.U) J

.0800

.1782

0

.1334

.3510

(6)

0

.1974

0

0

0

.2674b

.0060

.6365

0

0

(7)

2A2(*SO2)

.2482b

.3046

.5602

0

0

0

0

0

.5694

.1913

(8)

0
0

0

.5645

.1899

4B1(*)

0

.5368

0

0

0

Coefficient d orbital of central sulphur atom.
xy

Coefficient d orbital of central sulphur atom.
xz
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The observation that the second signal decreases by 40% is therefore strong
support for the correctness of the assignment of the signal to the bands of
the 3A2(n) and 5B.(n) MO's. In 5, only the 3A2(ir) MO has a sulphur 3p contri-
bution and the corresponding decrease is 10%. This proves that ionization from
MO (2) and (3) (with large oxygen contribution according to table 5.4) does
not contribute to the signal (2) in 4 and 5. The 4B.(n) MO corresponding with
a band in the third signal has in 4 a small S,, , contribution and in 5 a
large S / o > contribution. The corresponding changes are in accordance with

' ™5< II
these coefficients. These He spectra of 4 and 5 are additional evidence for
the assignment of the first three bands in the spectra (see table 5.1). By
loss of conjugation in the central ring through the S02 group the other rings
will have a more "thiophene-like" character. This will cause the e(ng) values
to shift to lower energies with respect to the value of -11.2 eV found for
e(ns) in 3. In this area we find for 4 band (4) at -11.8 eV and band (5) at
-12.7 eV, for 5 only band (4) at -12.3 eV and for 6 band (4) at -11.8 eV and
band (5) at -12.6 eV. None of the CNDO parametrizations makes a prediction of
energy and sequence of MO's which can be well correlated with the observed
bands in this area. So we have to restrict the assignment of the bands in the
pe spectra of 4, 5 and 6 to the first three bands. Even for these three bands
the situation is much less satisfactory than in the case cf the sulphides l,
2 and 3 where we had an excellent 1:1 correlation between measured and calcu-
lated energies.

5.5. Discussion

••I The same sequence is calculated for the first five MO's in the sulphides
i'fc-2 and 3 except for 3 where MO (1) and (2) are interchanged. PSS1 calcula-
tions show that this is caused by a diminished conjugation over the central
carbon bond of 3 compared with the conjugation in the 4B.(n) and 3A2(TT) MO in
l and 2. In contrast to the sulphides the S,3 « AO's of the S02 group in the
high lying sulphone MO's hardly participate in the conjugation.

Consequently, energy changes upon oxidation of B, MO's cannot give any
information about inductive and/or conjugative effects of the sulphone group
alone, because the origin of the changes is complex. On the other hand, if ths
energies of MO's of the A2 symmetry type are changed upon oxidation this can-
not be due to a variation in conjugation over the sulphur or sulphone group,
but must be due to the inductive effect of the sulphone group. From fig. 5.3
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Figure 5.3. Observed energy differences between the corresponding bands in 1-6.
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we see that this effect has an average value of 0.6 eV.
To quantify the conjugative effects of a sulphone group a distinction has

been made between Hlickel-type hyperconjugation (for MO's with B..(TT) symmetry)
and MSbius-type spiroconjugation (for MO's with IL{v) symmetry). For the
3A-(TT) M0 in 4, 5 and 6 an antibonding spiroconjugative effect may be present
but this is not supported by the sulphur 3d coefficients which are calculat-
ed to be rather small (0.04-0.10). Other MO's with spiroconjugative aspects
could not be assigned in the pe spectra.

The inductive effoct of the S02 group wil l result in a charge migration
to the sulphone group from the thiophene rings. Therefore, we compared the
charge densities in 1-6 in f i g . 5.4. The charge density of +0.007 on the cen-
tral S atom in 3, compared with +0.041 in l and +0.049 in 2 is expected be-
cause the central ring in 3 has the least aromaticity. The charge densities
in the outer rings are larger (+0.071-0.086). The average S atom charge densi-
ty in the S02 group is nearly + 1 electron (q,s« = +0.988 ± 0.007) and for the
oxygen atom we find q,Q, = -0.560 + 0.003. The inductive effect of the S02

group on the total charge is about -0.132 electron. M> initio calculations at
thiophene-l,l-dioxide gave q,s» = +0.890 and q,fl> = -0.530. These values are
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Figure 5.4. Calculated charge densities (PSSl) in 1-6. Unit 10 e.

in reasonable agreement with our sulphone data.
The results of this study are an aid in the interpretation of the uv

spectra of the dithienothiophenes and the corresponding sulphones. On oxida-
tion of the compounds l and 2 the LWAB follows the order Aso2 >

 xs whi1e for 3

the opposite is found. With LCAO MO calculations it was shown that the red
shift of the LWAB was determined by a change in energy of the Lowest Free MO
(LFMO) while the energy of the Highest Occupied MO (HOMO) stays relatively un-
changed. The blue shift of the LWAB in 3 + 6 could not be explained. From table
5.1 we see that the energy of the HOMO in the sulphides is constant but in the
sulphones there is some variation. The HOMO energy differences between l and
4, and also between 2 and 5 is 0.6 eV, while this is 0.8 eV between 3 and 6.
This makes it possible that the blue shift in 3-* 6 is caused by a greater ener-
gy difference of the HOMO in 3 and s.
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Summarizing the results of this study we conclude that:

i) The PSS1 method makes a good prediction of the energy levels of MO'S but

lone pairs and other localized orbitals like i w are calculated too high

by at least 1 eV. 2

H) The inductive effect of the S(L group on the MO energies is about 0.6 eV

which is in reasonable agreement with the value of 1 eV given by Schweig.

No conjugative effects of the §02 group were found from this study. The ob-

served red shifts in the uv spectra are not due to an upward movement of the

HOMO's in 4 and 5 (relative to l and 2). This supports the HOMO calculations

which attribute these shifts to displacements of the LUMO's

H.
F.
T.
G.

^9_, 3973 (1973) and reference 1

Chim., J32_, 1073 (1973).
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decrease of less than 5% may be expected for the first band in 5.
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Chapter 6

PHOTOELECTRON SPECTRA OF DITHIENYLSULPHIDES AND DITHIENYL-1,1-DIOXIDES.

A CONFOKHATIONAL STUDY

6.1. Introduction

In chapter 5 the pe spectra of 1-6 have been discussed. The first five
bands in the pe spectra could be explained by ionization of an electron from
a ir HO in 1-3 and from a n or irso2 MO in 4-6. To investigate the influence of
central ring opening upon the MO energies in 1-6 the pe spectra of n-14 were
recorded. In fig. 6.1 both compounds are drawn in the [0,0] conformation.

11 R = -5-

13 R = -SO., 0*0 12 R = -S-

14 R = -SC<

Figure 6.1. The [0,0] conformation of 11-14

Unfortunately the MO's of 11-14 cannot be classified in terms of the point
group C 2 v as these systems are not planar. Several conformations may be pres-
ent as was shown for the dithienyl-ketones with the aid of ESR by Lunazzi et
al.1. The ratio between the [0,0], ([0,180] or [180,0]) and [180,180] confor-
mation of the 2,2'-dithienyl radical-anion was determined as 10:6:1 (see fig.
6.2). In solution a number of conformations exist and therefore first of all
we have to investigate for 11-14which conformations are favoured.

During the course of this research another study was published by Meunier
et al. concerning the pe spectra of 11 and 12. However, in this study the
minimum energy conformations were assumed to be [30,30] for 11 and 12 and the
calculated MO energies and experimental ionizatipn potentials were only com-
pared for the [30,30] and [210,210] conformations. The agreement between theo-
ry and experiment in our study turns out to be much better. First of all we
have calculated the conformation with minimum energy and then we discussed the
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Figure 6.2. Conformations of the 2,2'-dithienyl radical-anion.

influence of rotation of a thiophene ring upon the MO energy. Finally we were
able to compare the experimentally obtained MO energies in 1-6 with those "in
11-14.

6.2. The conformation with minimum energy in 11-14

In several studies the conformation with lowest energy is calculated with
CNDO/2. A good agreement was found between the calculated rotation energy bar-
rier of a methyl group and the experimental value '. Reasonable agreement was
also obtained for the rotation energy barrier of an aldehyde group *°. How-
ever, calculations for biphenyl showed no evidence for an energy minimum upon
rotation of one phenyl ring , while the experimentally determined minimum was
found at an angle of 42°. Contrary to biphenyl the molecular conformation of

o g

di-2-pyridylsulphide and the corresponding disulphide could be calculated
satisfactorily with CNDO/2. Little is known about the calculation of the min-
imum energy conformation by CNDO/S and therefore we will use CNDO/2.

The conformation of the molecules n-14 is defined by the angle of the
thiophene rings with respect to the central CSC plane. If one thiophene ring
is fixed the other ring has to be turned over 360° to obtain the complete to-
tal energy vs. angle dependence. The [0,0] and [180,0] conformations of n and
la with a central CSC angle of 120° were used as a starting point. For each

60



ip'S

conformation one thiophene ring was rotated in steps of 20°. At each step the

total energy was calculated and the [180,210] conformation in m turned out to

have minimum energy. Using this conformation the central CSC angle of 12 was

varied between 104° and 120° in steps of 2° and the plot of total energy vs.

central CSC angle showed an energy minimum at 112°. In the same way the energy

minimum in 11 was found at 106°. The angle 0 of the thiophene ring with the

central CSC plane is varied between 0°and 360° in steps of 20° for the [0,0],

[30,0], [60,0], [90,0], [135,0] and [180,0] conformations of 12. The results

for [0,0] and [180,0] are nearly identical. The total energy turns out to be

the lowest for the conformations belonging to the curves of [0,0], [30,0] and

f!8O,0] (see fig. 6.3). In this figure we present only the data for <f« t> « 180°

ENERGY
(kcal),

I .
S-

) 45 90 135 180 0 45 90 135 180

0—* 0 *

Figure 6.3. The total energy (TE) as function of the angle 0 for [30,0](++++)
and [180,0] ( ) conformations in 12 and [180,0] in 14.

sfnce the curves for J[jO'»180+03 and [0",0] are nearly identical. From fig. 6.3

it is obvious that one conformation with minimum energy does not exist, but it

is also clear that conformations with minimum energy have in common that one of

the rings has an angle of ca. 40° (or 220°) with the central CSC plane and the

other ring a smaller angle. For the calculation of M0 energies in 12 the [180,

220] conformation was chosen.

ei
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From this study the rotation energy barrier of the thiophene ring with
an angle of 180° with respect to the central CSC plane in the [180,220] con-
formation was calculated to be ca. 6 kcal/mole. If one of the thiophene rings
is kept planar in the central CSC plane as in the [0,0] or [180,0] conforma-
tion the rotation energy barrier of the other ring becomes ca. 15 kcal/mole
due to the increase in Van der Waals repulsion between the hydrogen atoms.
For 14 the energy as function of 0 for the [180.JO] conformations is also
given in fig. 6.3. Here too a minimum energy conformation is found for not
too large deviations of planar structure and for the calculations the confor-
mation was taken as in 12. For 11 and 13 the same geometry optimalizations
have been performed, minima were found near [180,180], [0,180] and [180,10]
of which the [180,180] is by far the most stable. However, this is caused by
a strong attraction between the sulphur atoms which is calculated by the CNDO/2
method. Probably this attraction is artificial as has been discussed by
Gregory et al. . Since in 12 and 14 rotations over 180 degrees of one of the
rings resulted in the same calculated energies we preferred one of the other
two conformations with minimum energy. From these the [180,10] was chosen. In
11-14 no indication is found for the existence of one specific energy minimum
but rather a range of possible conformations is likely.

6.3. MO energy dependence upon the conformation

The energies of the MO's in 12 were calculated by PSS1. The energies of
the high lying occupied MO's are plotted as a function of 0 for the [180,0]
and [30,JD] conformations in fig. 6.4. The calculations show that the energies
of the low lying MO's (not shown in fig. 6.4) strongly depend upon the con-
formation. The energies of MO (1) and (5) in 1? are more sensitive to confor-
mationai changes than those of MO (2) - MO (4), which vary less than 0.2 eV.
This can be explained by considering the character of the corresponding MO's.
In MO (1) the central sulphur atom has a large 3p coefficient, while the 2p
coefficients of the adjacent carbon atoms are smaller and opposite of sign.
MO (1) therefore is antibonding between the central sulphur and adjacent car-
bon atoms. In this MO the electrons are delocalized over both thiophene rings
in the [180,180] and [180,0] conformations. Turning the thiophene ring de-
creases the overlap integral between the S 3 p and the C2P AO's and this sta-
bilizes the MO. In MO (2), (3) and (4) either the central sulphur atom or
the adjacent carbon atoms have no pz AO coefficients and the energies of
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Figure 6.4. Calculated MO energies (PSS1) for [30,0] (++++) and [180,(3] ( )

(left) conformations in 12 and [180,0] conformations in 14 (right).

these MO's are not influenced by rotation of the thiophene ring. MO (5) can be
described as a combination of a n orbital and a bonding TT MO between the
sulphur atom and the thiophene rings. Rotation of the thiophene ring decrease?
the overlap integral and thus the MO energy is raised (see fig. 6.4).

In 14 the energies of MO (1) - (7) do not vary more than 0.1 eV upon ro-
tation of one thicphene ring in the [180,0] conformation. However, the energy
of M0 (8) shows a large dependence upon the rotation. This is explained by
considering the variation in the conjugation between the two thiophene rings
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through the central sulphur 3d orbital. PSS1 calculations show that more
than 75% of the total charge in MO (8) is in the central CSO.C unit. Turning
the thiophene ring by 90° decreases the CS bond order by 60% and the SO bond
order by 10". The S3p orbital does not contribute to the conjugation.

The results of sections 6.2 and 6.3 indicate that although systems n-14
may be present in several conformations the energy of MO's is influenced only
if the central sulphur atom participates in the conjugation. Only for these
MO's line broadening in the pe spectrum may be expected.

6.4. Photoelectron spectra of 11-14

The pe spectra of 11-14 are given in fig. 6.5. In 11 and 12 five bands

can be distinguished, which are separated from lower lying bands by an energy

gap of at least 1 eV. The pe spectrum of 13 only shows three signals in the

low ionization area, while for 14 more resolution i s obtained. To interpret

these spectra the MO energies are calculated by the PSS1 method (see table

6.1).

TABLE 6 .1 . Calculated MO energies (PSS1) for the [180,220] conforma-

tion of 12 and 14 and the [180,10] conformation of 11 and 13.

H o i . MO ( 1 ) MO ( 2 )
n o .

MO ( 3 ) MO ( 4 ) MO ( 5 ) MO ( 6 ) MO ( 7 )

9.61 (TT) 10.09 (TT) 11.40 (TT) 11.72 (ng)

9.63 (TT) 10.85 (IT) 11.46 (ng) 12.18 (ng)

11 7.81 (IT) 8.95 (TT) 9.21 (TT)

12 7.97 (TT) 8.95 (IT) 9.23 (rr)

13 8.93 (TT) 9.07 (TT) 9.27 {TTSO2) 9.56 (ir) 9.74 (n) 9.78 (nQ) 10.30 (77)

14 8.93 (TT) 9.07 (TT) 9.10 (TTS02) 9.53 {TT) 9.63 (it) 10.02 (nQ) 10.27 (nQ)

The energy gap in the pe spectrum of 11 is reproduced fairly well by the cal-
culations, from which a value of 1.3 eV is found. In 12 the calculated energy
difference between MO (5) and MO (6) is only 0.6 eV, compared to an experi-
mental gap of 1.0 eV. From the AO coefficients of MO (5) and (6) we conclude
that these MO's have both IT and n character in all but the planar conforma-
tions. Presumably band (5) corresponds with the bonding * MO, which explains
the small line broadening observed. Then MO (6) is a n orbital and in chapter
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Figure 6.5. The He photoelectron spectra of 11-14.
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5 we have seen that the energy of this MO in general is calculated too high
leading to a low value for the gap in 12. Obviously in 11 this mixing of MO's
does not occur.

Especially in the pe spectrum of 11 a distinct line broadening is observ-
ed for bands (1) and (5). This is in nice agreement with the theory, which
shows that in MO (1) and (5) the sulphur atom participates in the conjugation.
The expanded low ionization energy area of 11 and 12 are given in fig. 6.6. The

Figure 6.6. Expanded He pe spectra of 11 and 12.

TABLE 6.2. Observed (I ,) values and MO characters for 11-14 according tov»o
PSS1 calculations

Band

Mol. no.

11

12

13

14

7.
9.

9.

(1)

8 (n)

9 (rr)

0 (IF)

2 (IF)

(2)

8.8
8.9
9.7
9.7
9.7
9.5
9.5

00
00
00
(TTSQ )

00
00
O>so2)

9
9

10

10

(3)

.1

.0
.8

.1

00
00
00

00

9
9

10

10

(4)

.3

.4
.9

.4

00
(*)
00

00

(5)

9.9
10.2

(*)
00 :

i
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observed vertical ionization potentials in table 6.2 are less accurate than
those presented in chapter 5 due to the large line broadening. With PSS1 cal-
culations the characters of the MO's corresponding with the bands in the pe
spectra are determined.

For 13 and 14 CNDO/2 calculations suggest that the bands of 6 MO's should
be present above the energy gap, while PSS1 calculations suggest the existence
of 9 bands in 13 and 8 bands in 14. In chapter 5 we have found that the ener-
gies of nQ and nsCb

 M0's calculated by PSS1 should be lowered by at least 1
eV. In the low ionization energy area then 6 bands are expected in 13 and 5
bands in 14 and the assignment is made in accordance with these results (see
table 6.2). It is clear that the agreement between calculated and observed
ionization potentials is much better for the sulphides than for the sulphones,
even after correction of the energy of MO's with n or Trcn character.

O J U

6.5. Discussion

Conformational studies with the use of pe spectroscopy have been reported
by Maier and Turner . Variation of the v energy levels could be related to
conformational changes in a series of sterically hindered phenylethyl enes,
anilines and phenols. The pe spectrum of biphenyl, where a phenyl ring can

12rotate about the central CC bond was investigated by Heilbronner et al. ,
but no preferential conformation was found. If a thiophene ring is rotated
over 180° the sequence of the MO's is not changed in 12 but it is changed in
11. Therefore we can only compare the MO energy levels in 1 and 3 with those
in 12 (see fig. 6.7). To allow comparison between the MO energies in 1, 3 and
12 the characters of the MO's in 12 are derived from the [0,0] conformation.
The 3A2(ir) MO is stabilized and the 3BJ(TT) MO is destabilized by 1 eV upon
opening of the central ring in 1 and 3. This is as expected because with re-
spect to the central CC bond the A2(IT) MO is antibonding and the B.(TT) MO is
bonding. The energy of the 4B.(IT) MO in the open compound should be higher
than in the closed compound for the same reason. Actually, it is somewhat low-
er in 12 than in 3 but in both compounds the coefficients of the carbon atoms
next to the central bond in 3 and the corresponding ones in 12 are nearly zero.

A comparison of the ionization potentials in 11 and 12 with those in 13
and 14, respectively, is difficult because only an indication of the MO char-
acter can be given. Due to the molecular resemblance of 11 and 13 and also of
12 and 14 it is reasonable to compare the energies of the corresponding IT
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Figure 6.7. Influence of central ring opening on MO energy levels in 1 and 3.

MO's. The MO's corresponding to the first two bands in n and 12 are stabiliz-
ed by 0.7-1.2 eV upon oxidation of the central sulphur atom. Only in the M0 of
band (1) conjugation over the central sulphur atom is present. As the stabili-
zation effect upon oxidation of the central sulphur does not depend on the
presence of a conjugative effect it can be attributed to the inductive effect
of the S02 group on the M0 energies. The stabilization of these orbitals is in
the same magnitude as in chapter 5.

This study demonstrates that it is possible to interpret the pe spectra
of molecules which.may have several conformations but extensive calculations
remain necessary to obtain a good insight into the dependence of the M0 ener-
gy upon the conformation.
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Chapter 7

EXPERIMENTAL

7.1. Materials

-V?

il

The synthesis of the dithienothiophenes and dithienothiophene-l,l-di-
oxides was carried out in collaboration with Mrs. T.R. Steenge-Bouwman.
Dr. F. de Jong kindly provided samples of the six isomeric dithienothiophene-
1-monoxides, the 2,2'- and 3,3'-dithienylsulphides and the corresponding di-
thienyl-l,l-dioxides. A sample of 2,3,4,5-tetramethylthiophene was donated by
Dr. A.J. Noorduin. 2S5-Dimethylthiophene was purchased (Aldrich) and used
without further purification. The oxydation of this thiophene with 2 equiva-
lents of m-chloroperbenzoic acid in l-LCCl,, at -10° yielded 2,5-dimethyithio-
phene-l,l-dioxide. Samples of l,2,5,6-tetramethyl-3,4-diinethylene tricyclo-
[3.1.0.0 ' ]hexane and the corresponding enone and dione were provided by
Mr. E.P. Schudde. Acetone-d, and dimethylsulphoxide-d, were purchased (Merck).

7.2. NMR spectra

7.2.1. The sample

The dithienothiophenes and the corresponding sulphones were measured as
solutions of 600-800 mg in ca. 2.5 ml acetone-d, or dmso-d, in a 10 mm tube.
The substituted bridged bicyclobutanes were measured as 1.5-2.0 M solution in
acetone-d, in a 12 mm tube. All samples were filtered after preparation. The

oxygen was carefully removed by at least five freeze-pump-thaw cycles. A vac-
-2 -3

uum of 10 -10 mm Hg was used and afterwards the tube was sealed under re-
duced pressure. The same 10 mm tube was used for the measurements at differ-
ent magnetic fields. For the probe of the XL-100 (H = 2.35 T) the 10 mm tube
was inserted into a 12 mm tube. The liquid height of all samples varied be-
tween 3-4 cm.
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7.2.2. Chemical shifts and coupling constants

Chemical shifts and coupling constants were obtained on a Varian XL-1OO-

15 NMR spectrometer, equipped with a 620-f computer with a 16K memory. The

probe of the XL-1OO has a crossed coil system. H spectra were recorded in
1 13the continuous wave mode (CW) and H- C satellite spectra were obtained by

accumulation of 50-100 single scan CW spectra in the computer under control

of the Varian CW program. The C spectra were obtained in the Fourier trans-
13

form mode using an 8K data table. The C resonance frequency is 25.16 MHz

and for H it is 100.1 MHz. All spectra were recorded with deuterium lock. The

C CD, signal of the lock solvent was used as internal reference: 6CD ace-

tone-d, = 750.3 Hz and 6QQ dmso-d- = 995.3 Hz from TMS. High power noise mod-

ulated decoupling (10 W) was used to obtain single line C spectra. All spec-

tra were recorded at ambient probe temperature with full air flow through the

probe body. With H decoupling the temperature in the sample is 32 ± 2°C and

without decoupling power it is 28 ± 2°C. For C spectra a single side band

filter was used to eliminate high field noise and CAPS (Computer Alternating

Phase Sequence) to remove phase anomalies. High resolution C- H coupled

spectra were obtained with a spectral width (SW) between 700-1000 Hz, a flip

angle a = 65° and a waiting time PD = 200 s. The SIMEQ-II program, written by

Dr. M.J.A. de Bie and Dr. C.W.F. Kort was used in the simulation of spin sys-

tems. Solid state spectra were recorded by Dr. W. Veeman of the university of

Nijmegen at -170°C with a C resonance frequency equal to 15 MHz.

7.2.3. T. and NOB measurements at 2.35 T

The T. program for the Varian 620-f computer was written by Dr. J. Run-

sink. The results of T. measurements of benzene , toluene , phenylacetylene

and dioxane-DgO were in good agreement with Tj values reported in the litera-

ture. A complete Tj measurement is performed under computer control. The final

FID of each delay time is stored on cassette tape with the aid of a Sykes-

Compu Corder and after Fourier transformation a stacked plot-can be produced.

A delay time of 5 x T^ was introduced at the start and the end of the Tj mea-

surement to determine the steady state values M of the peak area and peak

intensity of each resonance line. The peak area was defined as the sum of the

signal intensities of a number of points in the peak. Several determinations

of MQ enable a cheque on the occurrence of possible changes in magnetic homo-
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geneity, as the time needed for the measurements of long Tj's was often more
than 60 hours. Values of T, were determined from a linear least square fit of
peak intensity and peak area data to the equation: K + In (MQ - M T) = - T/TJ.
Omitting the longest delay time(s), this procedure was repeated and the T,
value with the best correlation coefficient was taken. Normally 7-12 delay
times were introduced. The pulse length for a 90° pulse was PW = 115 ps and
for a 180° pulse ep = 235 ps. All resonance signals were within 800 Hz of the
carrier. Complete noise modulated H decoupling was used. For Tj times below
20 s the IRFT5 method was used, otherwise the SRFT method. In the SRFT method
a homogeneity spoiling pulse of 8 msec was applied at the z axis. The FID was
multiplied by an exponential function which value is determined by the so-cal-
led sensitivity enhancement (SE) factor, SE = (0.1-0.25) AT. The NOE measure-
ments were performed following method I of chapter 3.3. A delay time j.5 x Tj
was used for the carbon atoms. It turns out that the extent of sensitivity en-
hancement (SE) applied to the FID is important . If magnet homogeneity has
changed during a NOE measurement then in the range SE = 0.02 AT to SE = 0.1
AT the NOE factors calculated from peak intensity and peak area agree within
the experimental error.

7.2.4. T. and NOE measurements at 8.46 T

The apparatus used is a Bruker HX-360, equipped with a super conducting
magnet with a single coil probe. The T^ measurements were performed under con-
trol of the Bruker data B-NC 12 computer with a 20K memory and connected to a
Diablo disk system. The C resonance frequency was 91 MHz. Using IRFT and
SSFT methods the T. values were determined from a logarithmic plot of M -M
versus the delay times. For M and M measured peak intensities are used. The
particular pulse lengths used are P(30°) = 9.5 us, P(90°) = 24 ps and P(180°)
= 43 JJS. With 6-10 delay times a waiting time of 4Ti-5T.. was used between the
90° and 180° pulse in the IRFT method. Measurements are performed under noise
decoupled conditions (5 W power) and with deuterium lock. The probe tempera-
ture was kept at about 32°C.The NOE factor was determined with method II
(chapter 3.3) end the waiting time was equal to 5 x T.. Here too the extent
of applied line broadening is important. In all T. and NOE measurements spec-
tral widths 4 4000 Hz were used with a 8K (Tj) or 16K (NOE) data table.
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7.3. Geometry of studied compounds

The geometries of the dithienothiophenes were derived from the known
structure of thiophene and 7H-cyclopenta[2,l-b:3,4-b']dithiophene . The cen-
tral CSC angle in l, 2 and 3 is taken to be 91°and the central CS distance in
1-6 and 11-14 is taken to be 1.76 8. The dioxides were assumed to have the
same structure in the carbon-sulphur skeleton. For the sulphone group an SO
distance of 1.44 8 and an 0S0 angle of 120° was taken . All CH distances were
taken to be 1.08 8. In 2,5-dimethylthiophene, the corresponding sulphone and
2,3,4,5-tetramethylthiophene the lowest energy conformation of the methyl
group was calculated with CNDO/2 and used in all calculations. The geometry
of the dithienylsulphides and the corresponding sulphones was discussed in
chapter 6.

7.4. MO calculations

The CNDO/INDO program (QCPE-144) of Pople was adapted for the CDC Cyber
74-16 computer. Several changes were made to the original program and the
introduction of additional parameter sets allowed routine calculations of mo-
lecular properties with CNDO/2, CNDO/S or CND0/S-PSS1. For first«-row elements
the CNDO/S parametrization of Kuehnlenz and Jaff§ is used. The extension of
the CNDO/S method to include the second-row parameters of phosphorus and

12sulphur has been made by Schweig . He also introduced a different parameter
set for sulphur optimized to obtain a good correlation between the electronic
transitions in the uv spectrum of thiophene and the transitions calculated
with the use of configuration interaction. This set was called PSS1 . In all
cases sulphur 3d orbitals are included in the calculations. The oxygen para-
meters used in the PSS1 method are: Hss(0) = 25.39 eV, H (0) = 9.11 eV, 6(0)
- -45 eV and Y ( 0 0 ) = 13.98 eV. For PSS2 the same values were used, except
y{00) = 15.27 eV. The parameters for the DBJ method are given by Schweig12.

7.5. Photoelectron spectroscope

The He spectra of the symmetric dithienothiophenes, the dithienylsui-
phictes and dithienylsulphones were obtained on an ESCA-3 spectrometer and
calibrated against argon. The He spectra of 11 and 12 were recorded at 100°C.
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The He spectra of the dithienothiophene sulphones 4, 5 and 6 and the He
spectra of 4 and 5 were obtained on a Perkin Elmer PS18 and calibrated with
argon and neon. We thank Drs. B. Neyzen (Vrije Universiteit, Amsterdam) and
Mr. A. Terpstra (Gemeentelijke Universiteit, Amsterdam) for recording the
pe spectra.
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SUMMARY

In this thesis carbon-13 NMR spectroscopy and photoelectron spectroscopy
have been used to study the electronic structure of the symmetric dithieno-
thiophenes 1-3 and the corresponding sulphones 4-6 (see introduction for the
formula). The physical data obtained from both spectroscopic techniques have
been interpreted with the aid of quantum mechanical calculations.

In chapter 2 we came to the conclusion that the carbon-13 chemical shift
in the compounds 1-6 cannot be explained by an additive relationship of sev-
eral effects. The influence of a strain effect upon the chemical shifts is
found to be small. The constant difference in the value of the one-bond JCH

coupling constant between the C and C. atoms in thiophene systems can be at-
a p

tributed to a difference in charge density of the carbon 2s orbitals.
In chapter 3 methods are discussed to measure the spin-lattice relaxation

time T. and the nuclear Overhauser effect (NOE). From these two quantities the
DDdipole-dipole relaxation time (T, ) is calculated and used to describe the

reorientational motion of 1-4 and 6 in solution. From the moment of inertia
tensor it is concluded that 1-3 can be approximately described as symmetric
rotors. As in 1-3 two CH vectors with different orientation to the rotation
axis are present, the components of the rotation diffusion tensor D.. and D
can be calculated.

The reorientational motion of a methyl group has also been calculated
from Tj values and related to its rotation energy barrier. For methyl groups
attached to bndged bicyclobutanes it was concluded that the energy barriers
are caused by interactions with the CC bonds of the skeleton, which make
angles with the C-CH, bond of more than 120°.

The rotation energy barriers for methyl groups substituted to thiophene
systems were obtained from spin rotation relaxation times. In tetramethylthio-
phene the C chemical shift of the methyl groups is assigned with T. measure-
ments. pen

In chapter 4 the chemical shift anisotropy contribution (T. ) to T, is) toTj
further investigated. For hydrogen bearing carbon atoms the CSA contribution
to T., at a field H = 2.35 T can be neglected, while for quarternary carbons
it may be up to 20%. At high field (H = 8.46 T) the CSA contribution to the
1, for quarternary carbons is dominant (in our systems 50-80%) and for CH car-
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bons it is up to 20%.
To investigate the relation between experimentally obtained chemical

shift anisotropies and the calculated values solid state NMR spectra of 7-10
were recorded. From this study and literature data it was concluded that re-

CSAduced shift tensor elements necessary in the calculation of T. could be
obtained from CNDO/S calculations in which singulet excitation energies should
be used. T. was calculated with the rotation diffusion constants to de-
scribe the molecular motion of 1-4 and 6 as in chapter 3. The asymmetry factor
n denotes the deviation between the axis system of the chemical shift tensor
and the molecular axis system. It was necessary to include n in the calcula-
tion of 7. . Taking into account that the experimental error in the T,
values is + 10% a reasonable correlation was found between calculated an ob-

CSAserved differences in 1/T. values at magnetic fields of 2.35 T and 8.46 T.
In chapter 5 an excellent agreement was obtained for compounds 1-3 be-

tween the ionization potentials of the five highest occupied MO's and the
corresponding five MO energies calculated with a slightly modified CNDO/S
method (PSSl/spd). However, the photoelectron spectra of the sulphones 4-6
could not be interpreted with this method. The calculations suggest that the
observed signals in the spectrum were the result of overlap of several bands.
From He spectroscopy combined with PSS1 calculations it was concluded that
the energy of TT MO'S is calculated correctly with PSS1, but the energy of
localized orbitals like the lone-pair sulphur orbital or the irSQ orbital
is calculated too high by at least 1 eV.

In chapter 6 the He spectra of the dithienyl sulphides 11 and 12 and
the corresponding sulphones 13 and 14 were interpreted. The broadening of
some bands in the pe spectra of ai and 12 could directly be related to MO's
in which the central sulphur atom participates in the conjugation.

it
'{,;•
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